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1. Introduction and Motivation 
1.1 Introduction 
Hyperbranched polymers (HBP) have drawn much attention and obtained intensive research 
activities from both industry and academia in the last three decades [1,2,3,4]. They belong to a 
group of macromolecules called dendritic polymers, which have peculiar and often unique 
properties [5], which derive from their three-dimensional structure and the large number of 
functional groups. These structural characteristics provide high possibilities for controlling 
functional group interactions and modifications of other polymers in coatings and therefore, 
they are expected to result in novel materials with desired properties. They own a highly 
branched backbone, which gives access to many of reactive groups; their structure gives them 
excellent flow and processing properties, and they are characterized by lower viscosity than 
those of linear polymers of comparable molecular weight. Such properties make HBP 
extremely interesting for coatings [6,7,8,9] and UV-curing applications [10,11,12,13] and for this, 
they have attracted a great deal of attention for application, e.g. for powder coatings [14], high 
solid coatings [15], flame retardant coatings [16], barrier coatings for flexible packaging [17],and 
they have been recently suggested as a component of a dual-cure formulation based on an 
UV-curable epoxy resin and a functionalized alkoxysilane additive as an inorganic 
precursor[18] to achieve advanced functional hybrid coatings.  
By adding HBP, it was possible to induce an important flexibilization of the glassy epoxy 
network with an increase in toughness of the cured polymeric coatings, and by adding the 
functionalized alkoxysilane, as an inorganic precursor of silica phase, it was possible to obtain 
an improvement on surface hardness without strongly affecting the flexibilization and the 
toughness achieved by the addition of the HBP additives. The increase on surface hardness 
was accompanied by an increase in scratch resistance and modulus [19]. UV curable systems 
were especially promising where it was possible to use phenolic end groups of hyperbranched 
polyesters as transfer agents, e.g. in the cationic photocuring process of epoxies. The curing 
rate, conversion, as well as modulus and thermal stability, and especially impact resistance 
can be improved simply by adding modified hyperbranched polyesters to the coating 
formulation. 
On the other hand, the incorporation of inorganic nanosized materials provides access to 
coating systems with higher hardness and improved scratch resistance, but often leads to a 
much-reduced toughness and thus, limited long-term stability. In all these fields, the 
improvement of the performance of the UV-cured systems is highly appreciable. The 
Introduction and Motivation                                                                                                2 
introduction of inorganic fillers in the network structures, with a good and homogeneous 
dispersion and a strong interaction with the organic domains, guarantees peculiar properties. 
In fact, the photopolymerization process is of great interest in many industrial applications; 
the formulations are solvent free, the production rates are high, and the energy required is 
much less than in thermal curing. These advantages have led to the rapid growth of this 
technique in different fields, mainly in the production of films, inks and coatings on a variety 
of substrate, including paper, metal and wood [20]. Epoxy polymers are very important and 
widely used in coating applications because of their excellent properties such as high Young’s 
modulus, low creep and high thermal stability [21,22].  Epoxy resins are one of the most widely 
used thermosets in technological applications such as coatings, adhesives, structural 
applications or electronics due to their mechanical properties, relatively low shrinkage and 
high chemical and thermal resistance [23]. 
By pursuing this research line, we have synthesized an aliphatic–aromatic ethoxysilyl-
modified hyperbranched polyester system to be used in the preparation of UV-curable epoxy 
hybrid organic–inorganic coatings. The addition of ethoxysilyl-modified HBP could act as a 
coupling agent during the formation of the inorganic domains generated in-situ via sol-gel 
process starting from the alkoxysilane as inorganic precursors [24]. The cured films were 
characterized in terms of their dynamic-mechanical properties and surface hardness: the 
obtained properties were discussed in relation to the achieved morphologies [19].  
The choice of the polymeric matrix and the inorganic filler depends on the field of application 
and on the required final properties. In particular, polymers combined with metal oxides 
nanoparticles can, as reported in the literature, lead to composites characterized by improved 
chemical, thermal, optical, electronic, and mechanical properties [25,26,27,28,29,30]. Because of the 
increasing interest in recent years in the preparation of organic-inorganic nanostructured 
polymeric coatings based on titanium dioxide [30,31,32,33,34]. The incorporation of titanium oxide 
nanoparticles in thin films and coatings is especially encouraging since by this surface 
hardness can be significantly improved and, on the other hand, self-cleaning and antimicrobial 
properties can be introduced based on the photocatalytic effect induced by some titanium 
oxide modification. Titanium dioxide nanoparticle containing polymers are characterized by 
unique mechanical, thermal, surface, optical and electronic properties [35,36]. In addition, TiO2 
imparts to the polymer matrix a high refractive index [37] and is also characterized in one 
specific crystalline state (Anatase) by strong photocatalytic properties, which are effective for 
the inactivation of microorganisms [38]. 
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The presence of a large number of functional end groups and the peculiar globular shape of 
the HBPs can be exploited in the synthesis of nanocomposites, as they can allow a better 
interaction of the organic phase with the inorganic particles [39]. In fact, the major problem that 
has to be faced in the synthesis of any composite material is the insufficient dispersion of the 
metal oxide nanoparticles within the organic matrix. However, without a full dispersion, the 
potential of the nanoparticles cannot be fully exploited.  
In particular, the in-situ sol-gel synthesis of inorganic particles inside a polymeric matrix gave 
good dispersions in the case of many metal oxides such as SiO2 or TiO2 [40,41]. An in-situ 
approach of preparing nanoparticles using sol-gel precursors is appealing for this reason; it 
involves a series of hydrolysis and condensation reactions starting from a hydrolyzable 
multifunctional metal-alkoxide as a precursor for the inorganic domain formation [42]. A 
coupling agent is usually added to provide bonding between the organic and inorganic phases, 
thereby preventing macroscopic phase separations. Under proper conditions, the size of the 
inorganic particles can be reduced to the ‘‘nano level’’ (<50 nm) [43]. 
In the present work, some aromatic hyperbranched polyesters (aHBP) and aliphatic-aromatic 
hyperbranched polyesters (aaHBP), OH terminated have been used as matrices for 
nanocomposites containing TiO2. The TiO2 nanoparticles were synthesized via sol-gel directly 
in a solution containing the HBP polyester as a stabilizer, and then the polymer/TiO2 hybrid 
mixtures were thermally cured by a curing agent to obtain a hard coating or a film. In order to 
determine the conditions in which it was possible to get the best dispersion and the properties 
for the final material, the starting HBP-OH was also partially modified with alkoxysilane 
groups by 3-isocyanatopropyltriethoxysilane (IPTES), yielding modified aliphatic-aromatic 
hyperbranched polyesters aaHBP(OH)-Si and modified aromatic hyperbranched polyesters 
aHBP(OH)-Si, enabling it to interact with the TiO2 network. Both materials obtained were 
then characterized, and their properties compared. 
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1.2 Goals 
The chief goal of the present work is the development of a new kind of hyperbranched 
polymeric coupling agent with good characteristics for effectively preparing organic/inorganic 
nanocomposite coating of excellent properties.  
There were four main objectives in this doctoral research:  
• Synthesis and modification of aliphatic–aromatic hb polyesters both by solution and 
melt polymerization and aromatic (hb) hyperbranched AB2 polyester by solution 
polymerization. (Goal I) 
• Characterization of both types of (hb) hyperbranched polyesters modified with 3-
(isocyanatopropyl) triethoxysilane (IPTES) and unmodified (aromatic and aliphatic –
aromatic), with respect to the structure, molar mass and thermal properties, as well as 
determination of the influence of end group modification on the properties of the 
hyperbranched polyesters. (Goal II) 
• Preparation and characterization of UV-curable epoxy hybrid organic–silica coatings. 
(Goal III) 
• Preparation and characterization of polymer/TiO2 hybrid nanoparticles hard film 
coatings. (Goal IV) 
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2. Literature Overview 
2.1 Hyperbranched Polymers 
Polymers obtained from the statistical polymerization of ABx monomers by condensation or 
addition procedures are referred to as hyperbranched polymers. During the last three decades, 
hyperbranched polymers have become the focus of interdisciplinary research, and received 
considerable attention due to their unique chemical and physical properties as well as their 
potential applications [1,5,9,16, 44].  
Hyperbranched polymers are highly branched macromolecules with three-dimensional 
dendritic structure. They have received considerable attention and have been intensively 
studied over the last 30 years due to their unusual properties, such as low viscosity, high 
solubility and reactivity, and good compatibility with other materials. In addition, terminal 
groups of hyperbranched polymers can be modified with various functional groups to satisfy 
numerous possible demands. Potential applications of hyperbranched polymers in the fields of 
coatings [45], rheological modifications [46], drug delivery[47], membranes [48], supermolecular 
chemistry[49] and nanomaterials[50], have been reported now. Moreover, interest in 
hyperbranched polymers is growing rapidly according to the increasing number of 
publications (Figure 2.2). 
 
Figure 2.2 Scientific publications as a function of the publication year searched by SCIE (ISI web of 
science) with hyperbranched polymers as topic searched at 01.08.2011. 
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As the fourth major class of polymer architecture, coming after traditional types, which 
include linear, cross-linked and branched architectures, dendritic architecture consists of six 
subclasses: (a) dendrons and dendrimers; (b) linear-dendritic hybrids; (c) dendrigrafts or 
dendronized polymers; (d) hyperbranched polymers; (e) multi-arm star polymers; (f) 
hypergrafts or hypergrafted polymers (Figure 2.3) [51]. The first three subclasses exhibit 
perfect structures with a degree of branching (DB) of 1.0, while the latter three exhibit a 
random branched structure. Dendrons and dendrimers with high regularity and controlled 
molecular weight are prepared systematically via convergent and divergent approaches. 
Linear polymer linked with side dendrons is called as dendronized polymer. Dendronized 
polymers can be obtained by direct polymerization of dendritic macromonomers, or by 
attaching dendrons to a linear polymeric core. 
 
 
 
Figure 2.3 Schematic description of dendritic polymers. 
 
2.1.1 History of Hyperbranched Polymers 
The history of hyperbranched polymers can be dated to the end of the 19th century, when 
Berzelius reported the formation of a resin from tartaric acid (A2B2 monomer) and glycerol 
(B3 monomer) [52] (Table 2.1). Smith in 1901 studied the reaction between phthalic anhydride 
(latent A2 monomer) or phthalic acid (A2 monomer) and glycerol (B3 monomer). In 1909, 
Baekeland [53] obtained crosslinked phenolic polymers by the polymerization of soluble resole 
precursors, which were made from formaldehyde and phenol. Kienle and Hovey had 
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investigated the reaction of phthalic anhydride and glycerol as early as 1929 [52, 54]. However, 
only low molecular-weight product or insoluble materials were obtained at that time. 
Table 2.1 History of hyperbranched polymers. 
 
Year Case author and  reference 
Before 1900 Tartaric acid + glycerol Berzelius [52] 
1901 Phthalic anhydride + glycerol Smith [52] 
1909 Formaldehyde + phenolic Baekeland [53] 
1929–1939 Phthalic anhydride + glycerol Kienle[54,54]  
1941 Molecular size distribution in theory Flory [55,56] 
1952 ABn polymerization in theory Flory [57]  
1982 AB2 + AB copolymerization Kricheldorf [58] 
1988 AB2 homopolymerization Kim [59] 
 
In the 1940s, Flory [55, 56] used statistical mechanics to calculate the molecular-weight 
distribution of linear polymers and extended later his calculation to three-dimensional 
polymers with tri- or tetrafunctional branching units in the state of gelation, and developed the 
‘degree of branching’ and ‘highly branched species’ concepts. In 1952, when Flory wrote his 
famous book Principles of Polymer Chemistry, he theorized that highly branched polymers 
could be synthesized without gelation by polycondensation of multifunctional monomers, 
such as a monomer containing one A functional group and two or more B functional ones 
capable of reacting with A (ABn monomer, n≥2). However, Flory did not feel it was 
worthwhile pursuing this line of research at that time, because he considered these polymers 
would provide materials with poor mechanical strength [57]. About 30 years later, the interest 
in hyperbranched polymers arose again. In 1982, Kricheldorf et al.[58]obtained highly 
branched polyesters by copolymerization of AB2 and AB type monomers. In 1988 Kim and 
Webster were working on dendritic polymers as rheology control agents and as spherical 
multifunctional initiators. It was necessary to obtain the material rapidly and in large 
quantities. This forced them to develop a route for a one-step synthesis of dendritic 
polyphenylenes. These polymers were polydisperse, and had defects in the form of built-in 
linear segments, but they were highly branched dendritic molecules. Kim and Webster named 
them Hyperbranched Polymers [60,61,62]. 
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The synthesis of hyperbranched polymers can often be simplified compared to that of 
dendrimers as it does not require the use of protection/deprotection steps. This is because 
hyperbranched polymers are allowed to contain some linearly incorporated ABx monomers. 
The most common synthesis route follows a one-pot procedure where ABx monomers are 
condensed in the presence of a catalyst. Another method using a core molecule and an ABx 
monomer has also been described. The lower cost of synthesizing hyperbranched polymers 
allows them to be produced on a large scale, giving them an advantage over dendrimers in 
applications involving large amounts of material, although the properties of hyperbranched 
polymers are intermediate between those of dendrimers and linear polymers [63]. 
2.1.2 Special Features of Hyperbranched Polymers 
1. High activity: Hyperbranched polymers have a large number of end groups. If the active 
groups are preserved, then their activity will be very high. Therefore, they can be used to 
further modify or prepare macromolecular materials with all kinds of properties. For instance, 
Malmström et al.[64] synthesized a kind of hyperbranched aliphatic polyester with a vast 
number of active groups (hydroxyl group). Its molecular structure is as shown in Figure 2.4. 
And also our hyperbranched aromatic and aliphatic-aromatic polyester have active groups 
(hydroxyl groups). 
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Figure 2.4 Structural representation of hyperbranched polyesters (aliphatic, aromatic, aliphatic-
aromatic). 
2. High solubility: Compared to linear macromolecules of similar molar mass, hyperbranched 
polymers have better solubility. Kim and Webster[61] reported that hyperbranched 
polyphenylenes had very good solubility in various solvents as compared to linear 
polyphenylenes, which have very poor solubility. The solubility depends largely on the 
structure of the end groups, and thus highly polar end-groups such as carboxylates made the 
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polyphenylenes even water-soluble. If hyperbranched polymers are used in coatings, they can 
reduce the solvent content and hence cost and solvent pollution. This will be studied and 
discussed in this thesis. 
3. Low viscosity: Compared to linear macromolecules of similar molar mass, hyperbranched 
polymers have smaller molecular sizes and reciprocity among molecules that is caused by the 
existence of plentiful branched chains and no inter-chain entanglement thus, the viscosity of 
hyperbranched polymers is much lower. If linear macromolecules are mixed with 
hyperbranched polymers, the viscosity of the linear polymer can be reduced, and then its 
fluidity is improved. Fréchet presented a comparison between linear polymers, hyperbranched 
polymers, and dendrimers with respect to intrinsic viscosities as a function of molecular 
weight, which clearly shows the differences induced by variations in the backbone 
architecture [70], as shown for log [η] versus log molar mass in Figure 2.5.  
 
Figure 2.5 The change of viscosity with molecular weight. 
4. Low melt viscosity: Compared to linear large molecules, hyperbranched polymers have 
also low melt viscosities. The melt viscosity of linear polymers will increase linearly with the 
enlargement of molecular weight and when molecular weight reaches the critical value, the 
viscosity will rapidly reach high values. The critical molecular weight does not exist in 
hyperbranched polymers [71]. 
 5. Special hyperbranched structure: the highly branched structure determines the non-
crystallinity and lack of inter-chain entangling of hb macromolecules and thus causes the 
polymers to have excellent film forming properties.  
2.1.3 Degree of Branching 
In addition to the methods used in characterization of normal linear polymer, the degree of 
branching (DB) is especially important for characterizing hb polymers. In a perfectly 
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branched dendrimer, only one type of repeat a dendritic unit can be distinguished, apart from 
the terminal units carrying the chain ends (Figure 2.6).  A more thorough investigation of a 
hyperbranched polymer (assuming high conversion of A-groups) reveals three different types 
of repeat units as illustrated in Figure 2.6 The constituents are dendritic units (D), fully 
incorporated ABx-monomers, terminal units (T) having the two B-groups unreacted, and 
linear units (L) having one B-group unreacted. 
Usually NMR techniques are used to determine the degree of branching. This firstly was 
derived by Fréchet et al. [72] and involves the synthesis of low molecular weight model 
compounds resembling the repeat units to be found in the hyperbranched skeleton. The model 
compounds are characterized with 1H and 13C-NMR. From the spectra of the model 
compounds, the different peaks in the spectra of the hyperbranched polymers can be assigned. 
The degree of branching is calculated from the integrals of the corresponding peaks in the 
spectrum of the polymer. 
According to Fréchet [73] the DB value of the hb polymers based on AB2 monomers is 
calculated as by following Eq. (1): 
    
DPFrecht =
D + L
D + L + T                        Eq. (1) 
where T, L, D are the fractions of terminal, linear and dendritic sub-units in the hb polymers 
obtained from integration of the respective signals in NMR spectra. 
Later Frey and Hölter et al. [74,75,76] derived a general expression of the DB for the hb polymers 
based on the ABx (x ≥2) type monomers. They reported a modified definition of DB that is 
based on the growth directions shown as the Eq. (2): 
    
DPFrey =
2D
2D+ L                                       Eq. (2) 
The DB of hb polymers is between 0 and 1. The value of DB for a linear polymer would be 0 
as the end units of the linear chain are neglected, while the perfectly structured dendritic 
polymers such as dendrimers have a DB value of 1. Increasing the functionality of the core 
resulted in decreased polydispersity for the final polymer. The degree of branching was found 
to have a limiting value of 0.66 with the slow monomer addition at a high degree of 
conversion [76]. 
Eq. (1) and Eq. (2) give almost the same DB values for hb polymers with high molecular 
weight, while for hb polymers with low molecular weights; the expression of Eq. (1) is more 
applicable. Besides NMR, a second method based on the degradation of a hb polymer 
skeleton has also been used to determine DB values [77]. 
Literature Overview                                                                                  12 
2.1.4 Synthesis Methodologies of Hyperbranched Polymers 
Now, the synthetic approaches used to prepare hyperbranched polymers are broadened with 
not only the typical Flory approach of ABn monomers but also variations of some new 
synthetic techniques. The synthetic techniques can be divided into two groups according to 
the type of monomers. The first group contains techniques of the single-monomer 
methodology (SMM), in which hyperbranched polymers are synthesized by polymerization of 
an ABn. According to the reaction mechanism, the SMM includes four specific approaches: 
(1) polycondensation of ABn monomers; (2) self-condensing vinyl polymerization (SCVP)[78]; 
(3) self-condensing ring-opening polymerization (SCROP)[79]; (4) proton-transfer 
polymerization (PTP)[80]. The other category contains methods of the double monomer 
methodology (DMM) in which direct polymerization of two types of monomers or a 
monomer pair generates hyperbranched polymers. Generally, the DMM includes eight 
specific approaches: (1) A2 +B3 approach; (2) A2 +B2 +BB2’approach; (3) A2 +BB2’ 
approach; (4) A2 +CBn approach; (5) AB + CDn approach; (6) A* + Bn approach; (7) AA*+B2 
approach; (8) A* + CB2 approach. Table 2 shows the synthetic methodologies and approaches 
to hyperbranched polymers.  
Table 2.2 Synthesis methodologies and approaches to hyperbranched polymers. 
Methodology  Approach  Lead author  Reference and year  
SMM  
Polycondensation of ABn 
monomer Kim/Webster  
[59, 60] 1988–1990  
SCVP  Fréchet  [78] 1995  
SCROP  Suzuki  [79] 1992  
PTP  Fréchet  [80] 1999  
DMM   
A2 +B3  
Polycondensation of A2 
and B3 monomers  
Jikei/Kakimoto 
Emrick/Fréchet  
[81] 1999 
[82] 1999  
CMM  
A2 +B2 +BB2’  Yan/Gao  [83,84,85] 2000–2001  
A2 +BB2’ Gao/Yan  
A2 +CBn  Gao/Yan  
AB+CDn  Gao/Yan  
A*+Bn  Gao/Yan  
AA*+B2  Gao/Yan  
A*+CB2  DSM  [86] 2000–2001  
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2.1.5 Polycondensation of ABn Monomers 
The majority of hyperbranched polymers are prepared in one-step procedures by 
polycondensation of ABn monomers in the presence of a suitable catalyst, as reported by 
Stockmayer [87,88], Flory [60, 89], and Kim and Webster [103]. Stockmayer [90] was a pioneer in 
exploring polycondensations resulting in branched products, closely followed by Flory, who 
described the condensation reaction of ABn monomers from a theoretical point of view and 
predicted that such a polymer will have a highly branched structure and a multitude of end 
groups, which contains one focal group (A group), and dendritic, linear and terminal units 
(Figure 2.6). 
A
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Figure 2.6 Schematic representation of a hb polymer from AB2 monomer exhibiting terminal (T), 
linear (L) and dendritic (D) sub-units as well as one unreacted (A) functionality as focal unit. [3] 
 
2.2 Hyperbranched Polyesters 
As an important class of hyperbranched polymers, aliphatic, aromatic and aliphatic-aromatic 
hyperbranched polyesters have attracted increased interest and are intensively studied because 
of their excellent thermal stability, chemical resistance, and mechanical properties. According 
to the literature, the synthetic techniques used to prepare aromatic HBPEs can be divided into 
two categories: (1) polycondensation of AB2 monomers; (2) polymerization of two types of 
monomers or a monomer pair, such as A2 +B3 monomers, A*+B3 monomers, and AA*/A2* 
+B2 monomers. Among them, the AB2 polymerization is the main approach. 
The class of polyesters is certainly the most suited for demonstrating the peculiarity, 
properties, and application aspects of hb polymers [7,66,67,72,77,91,92,93,94,95,96,97,98]. First, there are 
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several monomers readily available that can be applied in polycondensation, and second, 
technical processes such as melt polycondensation can easily perform the synthesis. Thus, the 
availability of larger quantities of these hb polymers is given, and variations in the monomer 
structure, branching density, and end groups in the property profile can be studied. 
2.2.1 Hyperbranched Aromatic Polyesters 
Two AB2 monomers, 3,5-dihydroxybenzoic acid and 5-hydroxyisophthalic acid, have most 
frequently been used as starting materials to prepare aromatic HBPEs. However, 
modifications of these are necessary because their thermal stabilities are lower than the 
required reaction temperature for direct esterification[58]Perhaps, among those, the hb 
polyesters that have been most extensively studied are the fully aromatic hb systems based on 
a 3,5-dioxybenzoyl building block [72, 73, 92, 99](Scheme 2.1). Table 2.3. shows some aromatic 
monomers used in AB2 polycondensation and the polymerization results. 
 
Scheme 2.1 Repeating units of the hb aromatic polyester based on 3,5-dioxybenzoyl building block. 
As early as in 1982, Kricheldorf et al. reported on the synthesis of a branched polyester based 
on AB2 and AB type monomers, 3,5-(bis trimethylsiloxy)benzoyl chloride and 3-
(trimethylsiloxy)benzoyl chloride. Following that, a systematic investigation of HBPEs 
derived from 3,5-bis(trimethylsiloxy)benzoyl chloride was conducted by Fréchet et al. [100,101]. 
The HBPEs were found to have a degree of branching (DB) between 0.55 and 0.60 and 
weight average molecular weights (Mws) in the range of 30,000 to almost 200,000 [73]. 
Several functionalizations were performed on the phenolic end groups in order to study how 
the nature of the end groups affected the Tg. Structural variations of HBPEs have also been 
achieved by copolymerizing an AB2 monomer with an AB functional monomer, although no 
properties were reported for these copolymers [107]. Furthermore, the concept of using AB2 
macromonomers which contain oligomeric linear segments to produce hyperbranched 
macromolecules has been demonstrated by Hawker et al.[102] when they described 
hyperbranched poly(ethylene glycol)s and investigated their use as electrolyte materials. 
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Table 2.3 Some aromatic monomers used in AB2 polycondensation and the polymerization 
results. 
Monomer 
 
 
 
COOH
OHHO
 
COCl
O O
SiSi
COOH
O
O
O
 
COOHHOOC
O
O
  
Condition In DMF added 
coupling agent 
and catalyst at 
room temperature 
for 48 h 
Bulk 
polymerizatio
n at 190–
275°C 
Bulk 
polymerization 
at 185°C 
Melt 
polymerization 
at 250°C 
Melt 
polymerization at 
250°C 
Mn (g/mol) 8600 16000–55000 4700 7600 10000 
Tg (°C) 218 190 147 239 190 
DB 0.60 0.55–0.60 N/A ca. 0.50 ca. 0.50 
Reference 
and year 
[103]  2009 [66, 73] 1991 [66,108] 1993 [67] 1994 [67] 1994 
 
Wooley et al. [92, 100] reported that the purification of monomer 3,5- bis(trimethylsiloxy) 
benzoyl chloride is a critical step for the preparation of this hyperbranched aromatic polyester. 
The monomer 3,5- bis(trimethylsiloxy)benzoyl chloride is very sensitive to ambient moisture 
and a small amount of impurity in the monomer leads to the failure of the melt 
polycondensation and results in an insoluble product. The hb polyester terminated with 
phenolic end groups was obtained after pouring the solution of crude products into methanol 
for methanolysis of the trimethylsiloxy groups. The resulting hb polymer possessed a DB of 
0.55-0.6 and a glass transition temperature (Tg) of 190-210°C.  
 Turner and coworkers [66] synthesized all-aromatic HBPE with acetate end groups by the melt 
polymerization of 3,5-diacetoxybenzoic acid. Mild acid hydrolysis of the acetate groups 
yielded phenolic terminated HBPE with a very similar branched structure to that product 
prepared from the melt polymerization of 3,5- bis(trimethylsiloxy)benzoyl chloride. These 
HBPEs could dissolve in a number of common organic solvents and had very low intrinsic 
viscosities even at high molecular weights, and both end groups could be hydrolyzed to give 
the AB2 hb aromatic polyesters with phenolic end groups (Scheme 2.2). These two hb 
polymers exhibited approximately the same properties, except that the polymerization of 3,5-
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diacetoxybenzoic acid at 250°C gave a hb polymers with high weight average molecular 
weight (Mw) > 1 000 000. Tg values of the hb polymers with different terminal groups were 
also varied from around 150 °C (the hb polymer with the acetate end group) to about 210°C 
(the hb polymer with the hydroxyl end groups) [66]. 
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Scheme 2.2 Synthesis of hb aromatic polyester based on 3,5-bis(trimethylsiloxy)benzoyl chloride and 
3,5-diacetoxybenzoic acid. [66] 
Later, Schmaljohann and co-workers [99, 104] studied the kinetics of the polycondensation of 
the monomer  3,5-bis(trimethylsiloxy)benzoyl chloride using 1D and 2D NMR techniques. 
The structure of the resulting hb polymer after the hydrolysis of the trimethylsiloxy and acid 
chloride groups was well assigned. They investigated the kinetics of this system and found 
that their experimental data agree well with those by computer simulation. Studies on this hb 
polyester with hydroxyl terminated groups as thin films were performed with various 
analytical methods lately in the research group of Voit  [105,106,107,108]. 
Two other investigations concerning about the applications of this hb polyester were also 
reported[109,110]. HBPEs with carboxylic acid end groups were prepared from the melt 
condensation of 5-acetoxyisophthalic acid and 5-(2-hydroxy)-ethoxyisophthalic acid, 
respectively, and their properties were investigated by Turner et al. [67]. The Tg values of the 
HBPEs were around 250°C. Treatment of the crude product in a mixture of 
tetrahydrofuran/water gave a hb polyester having carboxylic acid end groups with a DB value 
of 0.5 (Scheme 2.3).  
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Scheme 2.3 Synthesis of hb aromatic polyester based on the 5-acetoxyisophthalic acid. [67] 
End-group modification of the hb aromatic polyester varying from COOH over OH to 
different alkyl esters demonstrated the strong dependence of the glass-transition temperatures 
(Tg’s) on the nature of the end groups, with a range detected from -4 to +250ºC [111].  Strong 
but unsuccessful efforts to prepare bulk samples or freestanding films to gather mechanical 
properties led to the conclusion that at least the hb aromatic polyesters are very brittle bulk 
materials, and the dense, irregular branching does not allow for crystallinity or entanglement 
formation and thus do not allow to achieve useful bulk properties. This fact is certainly one of 
the reasons that no product has been commercialized based on those fully aromatic 
monomers, whereas the Boltorn™ samples had a much lower Tg and less brittleness and 
could be specially designed for resin and coating formulations. However, the Boltorn hb 
polyesters are also not used as bulk thermoplastics. 
Although it was not possible to prepare freestanding films from the unmodified aromatic hb 
polyesters, thin-film preparation (between 10 and 300 nm) on different substrates was quite 
successful. The films were smooth and homogeneous and allowed the study of the surface 
properties, which depended on the terminal functions of the hb molecules [69]. The films stick 
even well enough on silicon substrates for long-time use; nevertheless, adhesion promoter 
concepts using epoxy silanes have been developed so that these thin films can be also used in 
liquid environments to study, for example, protein adsorption and the biocompatibility of the 
surfaces [112,113]. When hb polyesters (HBP) with different end groups and different proteins as 
a probe is used, characteristic differences in the surface properties, resulting in different 
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protein adsorption behaviours and changes in the surface liquid tension dynamics, can be 
clearly observed. 
As a convenient alternative to the classical melt polycondensation, the one-pot solution 
polycondensation of AB2 monomers under mild conditions has been successfully adapted to 
all aromatic HBPE with hydroxyl end groups. The polymerization was performed in solution 
at room temperature directly using commercially available 3,5-dihydroxybenzoic acid as 
monomer and 4-(dimethylamino) pyridinium 4-tosylate as a catalyst [103]. Different 
carbodiimides as coupling agents were studied to find the optimal esterification conditions, 
and the degree of polymerization was simply controlled by the reaction time. The HBPE 
showed excellent thermal properties and a DB of 0.6 similar to their well-known analogs 
synthesized from melt polymerization of 3,5- bis(trimethylsiloxy) benzoyl chloride. 
2.2.2 Aliphatic-Aromatic–hb Polyesters 
The other widely used AB2 monomer for hb polyester formation is 4,4’bis(4-hydroxyphenyl) 
pentanoic acid (BHPPA; Figure 2.7) [77, 99].This monomer is commercially available and can 
be used in melt polycondensation without any activation or transformation of the acid in the 
ester. Actually, no difference can be found in the reaction when the functionalities are 
varied[91]. The resulting hb polyester is amorphous, with a Tg around 100–110°C, a value that 
can be further varied by the addition of a core molecule during polycondensation [114]. It is not 
as brittle as the fully aromatic structures and thus it is easier to handle. Compared with DMPA 
and BHBA, the reactive functionalities are far apart and located at different phenyl rings.  
 
Figure 2.7 Most widely used AB2 monomers for the synthesis of aliphatic, aromatic, and aromatic–
aliphatic hb polyesters. 
Hyperbranched polymers are mainly used in formulations. This requires an intensive 
understanding of the interactions taking place in multicomponent systems. Obviously, mainly 
the large number of end groups within the hb molecules dominates interactions with solvents 
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and other organic molecules, as observed already for hb aromatic polyesters, polar end groups 
such as the phenolic groups in BHPPA. Hyperbranched products cause an increase in 
interactions with other linear polymers, such as polyesters and polyols. Voit et al.. intensively 
studied hydrogen bonding in formulations of hyperbranched polyesters with linear polyols[115] 
as well as the influence on surface tension [116]. The surface activity of partially modified hb 
polyesters is extremely high, dominating any other effects.  
Voit and co-workers [117] synthesized a HBPE based on 4,4-bis- (4-hydroxyphenyl) pentanoic 
acid and investigated the conversion dependence of structural units and DB of the HBPE by 
1H and 13C NMR spectroscopies. It was possible to quantify all six structural units as a 
function of the conversion due to the well-separated signals in the 13C NMR spectrum. They 
found that the conversion dependence of the content of these structural units and of the DB 
followed the theoretically derived equations. The good fit between theoretical and 
experimental data proved that the polycondensation of the 4,4-bis-(4-hydroxyphenyl) 
pentanoic acid followed a random growth of the different units with equal reaction rates in all 
reaction steps. 
Although melt polymerization is widely used in preparation of hyperbranched polymers due 
to the easy one-step technical process, sometimes solution polymerization is more attractive 
considering the relatively mild polymerization conditions which reduce the potential of side 
reactions and can also be interesting for technical production. Therefore, several studies were 
performed in order to find milder polycondensation conditions. Actually, there are only few 
known reactions that take place under mild conditions [118]. One of those milder methods is a 
polycondensation in solution, where the solvent must be inert. Especially preferred are 
hydrophobic solvents, such as toluene, xylene, or chlorobenzene, which do not form an 
azeotropic mixture with water  [119]. 
In 1990, Moore and Stupp presented such mild conditions, namely “room temperature 
polycondensation in solution’’ [120]. This new polymerization method has been developed for 
the synthesis of high molecular weight linear polyesters with a degree of polymerization 
higher than 50%. These polymers were obtained directly from carboxylic acids and phenols 
under mild conditions, i.e., at room temperature, and at near neutral pH, using a carbodiimide 
based coupling agent. Within this work, several polyesters were prepared by condensation of 
simple, monofunctional aliphatic and/or aromatic alcohols with carboxylic acids at room 
temperature in methylene chloride by using 0.5 eq. of a catalyst and 1.5 eq. of 
diisopropylcarbodiimide (DIPC) (see Scheme 2.4). 
Literature Overview                                                                                  20 
The catalyst, abbreviated as DPTS [120] is an equimolar molecular complex formed by 4-
(dimethylamino)pyridine (DMAP) [121], and p-toluenesulfonic acid (p-TSA) and was found to 
be a much stronger activating agent than DMAP or p-TSA solely. Methylene chloride (DCM) 
was found to be the best solvent, resulting in high molecular weight polyesters with yields up 
to 90 % after purification. On the other hand, the use of dimethylformamide (DMF) as solvent 
gave good results in the model systems, but produced significantly lower molecular weight 
products compared to the reactions carried out in DCM. Moore and Stupp also described in 
detail the general scheme of the carbodiimide-involved esterification of a carboxylic acid. 
Despite this elaborate description, several important aspects have to be highlighted.  
According to Silverstein et al. [122] the carbodiimide based condensation reaction involves the 
reactive O-acylisourea intermediate. This is a very important step as at this moment, a side 
reaction can occur where carboxylic acid is converted to unreactive N-acylureas. This hinders 
the formation of high molecular weight products and has to be suppressed for the 
polymerization to proceed. Moore and Stupp [120]observed that the use of the DPTS 
accelerated the DCC activated esterification and suppressed the N-acylisourea formation. The 
nucleophilic attack of DPTS transforms the anhydride into the active ester, which is less 
susceptible to the side-reaction such as O  N- acyl transformation. Furthermore, the 
nucleophilic attack of an alcohol on the N-acylpiridinium-activated ester gives the desired 
carboxylic ester and regenerates DPTS.  
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Scheme 2.4 Summary on the carbodiimide based coupling agents and on the used catalysts.[120] 
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In 2006, Schallausky [123] adapted the "room temperature polycondensation in  solution" for 
the synthesis of hb polymers. He provided a general method for polycondensation in solution 
based on 4,4-bis(4-hydroxyphenyl) pentanoic acid (see Figure 2.7), which results in hb 
polyester with weight average molecular weight of 38 000 g/mol and low polydispersity value 
of 1.4. In his following work [123], a systematic variation of three different types of coupling 
agents (DCC, CDI and DIPC (see Scheme 2.4) and three different types of catalysts (DPTS, 
HOAt and HATU (see Scheme 2.4)) was done. It was concluded that the DPTS/DCC 
combination leads to the polyesters of the highest molecular weight. Therefore, in the present 
work, all polymerizations were performed according to this approach. At this point, it has to 
be emphasized that the use of DCC as a coupling agent has several serious drawbacks: its by-
product N,N’-dicyclohexylurea is a water non-soluble product, therefore, it is much more 
difficult to be removed from the polymer than the urea from water soluble DIPC. The 
purification from N,N’-dicyclohexylurea was achieved by repeated precipitation into 
methanol. 
2.3 Modifications of Aromatic HBPEs 
A hyperbranched polymer can be modified and functionalized from its core to periphery by 
end capping, terminal grafting, surface growing, hypergrafting and hybrid blending, achieving 
tailor-made properties and complex structures. Hyperbranched polymers and their derivatives 
are potentially useful in the areas of supramolecular chemistry, nanoscience and technology, 
biomaterials, polymer electrolytes, coatings, additives, optical and electronic materials, and so 
forth. Because the properties of hyperbranched polymers such as solubility, polarity, capacity, 
crystallinity, chain entanglement, melt and solution viscosity or rheology, thermal stability as 
well as rigidity (glass transition temperature) can be tailored, more and more fascinating 
materials and devices based on hyperbranched polymers will be successfully developed and 
fabricated. However, one should recognize that extensive research of hyperbranched 
polymers, particularly the aspect of functionalization and application, is still in progress and 
the main object to apply hyperbranched polymers in industrial fields is still in the   
beginning[1, 5, 6, 9]. The multi-functionality in hyperbranched polymers offers the possibility for 
further modification and special applications, and the type of end groups determines to a 
considerable extent the physical properties [124], such as solubility, viscosity, Tg, transport 
properties [125], and relaxation process[126]. As for aromatic HBPEs, two major modification 
methods have been developed presently: (1) end capping with short chains or long polymer 
chains; (2) grafting HBPEs to a surface. 
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2.3.1 End Capping  
The large number of functional end groups attached to the linear and terminal units of 
hyperbranched polymers can be conveniently end-capped with small organic molecules. In 
the end-capping process, three major purposes are emphasized: (1) to exclude the influence of 
some functional groups on the measurement of molecular weight; (2) to investigate the effect 
of terminal groups on the properties of hyperbranched polymers; (3) to fabricate novel 
functional polymeric materials [1]. 
Kim et al.[127] investigated the influence of end groups on the Tg of hyperbranched 
polyphenylene (Scheme 5), and found that the Tg can be varied over a wide range, from 96°C 
for the polymer with a-vinyl phenyl end groups to 223°C for the polymer with panisol end 
groups, although the modified hyperbranched polymers have the same backbone. Wooley et 
al. [92] reproducibly prepared hyperbranched aromatic polyester by self-polycondensation of 
3,5-bis(trimethylsiloxy)benzoyl chloride in the presence of catalytic amounts of DMF or 
triethylamine hydrochloride. Then a variety of different functional groups was introduced into 
the hyperbranched macromolecules by modification of their phenolic groups.  
 
Scheme 2.5  AB2 monomers used for preparation of hb polyphenylene by kim et al. and the influence 
of end groups on the Tg of hyperbranched polyphenylene. 
Table 2.5 summarizes the end-capping modification of aromatic HBPE. Acid chloride-
functionalized all-aromatic HBPE was prepared from the bulk polycondensation of the AB2 
type monomer 5- (trimethylsiloxy) isophthaloyl dichloride.  
Table 2.5 The end-capping modification of aromatic HBPEs. 
The purpose of end 
capping 
Initial end 
groups 
Modifier End groups after  
modification 
Reference 
and year 
Investigating the 
effect of end  groups 
on the properties 
Hydroxyl Methanol Methyl ester [128] 2002 
Hydroxyl n-Alkyl acyl chlorides Ester [129] 2000 
Preparing novel 
functional  polymeric 
materials 
Acyl chloride β-Naphthol Naphthyl [130] 2003 
Acyl chloride 2-Hydroxyethyl acrylate Acrylic ester [131,132] 2003 
Hydroxyl Glycidyl methacrylate and 
methacrylic anhydride 
Methacrylic ester [133,134] 1996 
Hydroxyl Ethyl 4-(4- butoxyphenyl) 
benzoate 
Benzoate [135] 1996 
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Schmaljohann and co-workers have demonstrated that end groups strongly influenced the 
solubility, viscosity, Tg, and even crystallinity of hyperbranched polymers. The nature of end 
groups has also significant effect on the thermal and mechanical properties of aromatic 
HBPEs.A hydroxyl-terminated all-aromatic HBPE prepared from on 3,5-dihydroxybenzoic 
acid was modified with n-alkyl acyl chlorides of different chain length. The degree of 
modification was varied from 11% to 100%, and the modified HBPEs were characterized by 
differential scanning calorimetry (DSC) [129]. 
 It was found that the Tg decreased with both increasing degree of modification and 
increasing length of the alkyl chain. However, the Tg increased again when the alkyl chains 
started to crystallize. The mechanical properties of the brittle HBPE were significantly 
improved by modification with dodecanoyl acyl chloride, and a stable freestanding film was 
produced by compression molding. The film exhibited a low temperature thermal transition 
and phase separation within the scale of a light microscope. The modification of the HBPE 
yielded in a strong reduction of the complex viscosity, which offered promising applications 
for this material as a blend component or melt viscosity modifier [129]. 
2.3.2 Grafting HBPEs to a Surface 
Grafting HBPEs to the surface of solid matrixes is an efficient strategy to fabricate 
organic/inorganic composites, polymeric films or improve the surface properties of the 
objects. The grafted HBPEs can be regarded as so-called polymer brushes, which are 
covalently linked or anchored to a surface by one end of the polymer chain, so that the 
polymer can extend away from the surface [136]. 
Eichhorn and co-workers [137] fabricated homogeneous and stable thin films of an aromatic-
aliphatic hydroxyl-terminated HBPE on an activated silicon substrate, using poly(glycidyl 
methacrylate) and 1,3-phenylenebisoxazoline as reactive ultra thin anchoring layers. The 
surface properties, chemical composition and optical constants of the films were 
characterized, and an appropriate annealing procedure was developed for the covalent 
immobilization. They found that the immobilized films of hb polyesters had uniform surface 
morphology and were slightly hydrophilic. Furthermore, the grafting-to process did not 
influence the surface properties and chemical composition, which was very important for the 
further application as functional layers in aqueous media. Furthermore, they prepared thin 
films of hydroxyl-terminated HBPE and carboxyl-terminated HBPE using the same technique 
and investigated the surface properties and the swelling behaviors of these films in aqueous 
buffer solutions [138,139,140]. These thin films showed promising potential in controlled protein 
adsorption [141]. 
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2.4 Applications of Aromatic HBPEs (aromatic and aliphatic– aromatic) 
Aromatic HBPEs and their derivatives are potentially useful in the areas of polymer 
blends[11,109,110,115,142,143], sensors [144,145], coatings [18,99,146,147], additives [148], optical and 
electronic materials[149], and so forth. Because the properties of aromatic HBPEs such as good 
solubility, polarity, crystallinity, rheology, and thermal properties can be tailored, it can be 
expected that more and more fascinating materials and devices based on aromatic HBPEs will 
be successfully developed and fabricated [1, 5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Applications of hyperbranched polymers.[150] 
 
2.4.1 Coatings 
The most prominent use of HBPEs is as polyols or reactive multifunctional components in 
coatings and resin formulations [151,152]. The features of HBPEs are very favorable in coating 
applications; the large number of end groups offers versatile crosslinking possibilities, the 
approximate globular structure of HBPEs enables very low viscosity even at high molecular 
weights. The application of aromatic HBPEs in coatings has been described in some papers, 
mainly involving UV-curable coatings and hybrid coatings, as shown in Table 2.6.  
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Table 2.6 The application of aromatic HBPEs in coatings. 
 
Coatings 
The type of HBPE 
or hybrid 
component 
The properties of cured film Reference and year 
UV-curable 
coatings 
HBPE with vinyl ether 
groups 
Good adhesion to aluminum, good 
mechanical properties and hardness 
[99] 2000 
HBPE Good adhesion on polar substrate, good 
hardness and chemical resistance 
[12] 2005 
Hybrid 
coatings 
TiO2 Improved hardness and thermal properties [146] 2007 
K10-clay The storage modulus, loss modulus, Tg and 
thermal stability of the hybrid coatings 
increased with increasing clay content and 
NCO/OH ratio 
[147] 2009 
Silica Increased toughness and surface hardness [18] 2009 
 
2.4.1.1 UV-Curable Coatings 
UV-curable coatings represent a class of coatings with no or low volatile organic compounds, 
offering many advantages such as fast drying, broad formulating range, reduced energy 
consumption, and low space and capital requirement for curing equipment [153]. Aromatic 
HBPEs with acrylate, vinyl ether, or epoxy functions have been used as a multifunctional 
crosslinker in coatings with UV curing methods. Coatings containing aromatic HBPEs exhibit 
very rapid cure rate and lower shrinkage, and the UV-cured films have excellent hardness, 
high chemical resistance, and good scratch resistance.  
Voit and co-workers [99] synthesized a series of aliphatic aromatic HBPEs with UV-curable 
vinyl ether groups or oxetane functionalities based on 4,4 bis-(4-hydroxyphenyl) pentanoic 
acid, and investigated the curing behavior of these HBPEs in the presence of reactive diluents 
in order to analyze the possibility of their application in high solids coatings. It was found that 
the vinyl ethermodified HBPEs with a high degree of modification produced the best 
coatings, which showed good adhesion to aluminum and good mechanical properties and 
hardness. Nevertheless, the curing reaction of the oxetane modified HBPEs was always 
incomplete and very slow, leading to no crosslinked polymer films. 
In another research, a fluorinated hyperbranched polymer (HBFP) was synthesized by 
modifying the aliphatic-aromatic HBPE, which was synthesized from 4,4 bis-(4-
hydroxyphenyl)pentanoic acid, with a semifluorinated alcohol via a Mitsunobu reaction and 
was subsequently used as an additive in cationic photopolymerization of a difunctional epoxy 
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resin with triarylsulfonium salt as photoinitiator[12]. Because of the large number of remaining 
hydroxyl groups on the periphery of HBPE molecule, this additive could increase the epoxy 
group conversion and induced an increase in crosslinking density, behaving as a 
multifunctional chain-transfer agent. It was observed that the coatings containing HBPE 
showed a 100% adhesion on a polar substrate (glass) and the pure epoxy resin, suggesting a 
selective surface enrichment of the lower surface energy additive, HBFP, toward the less 
polar interface (air) during the curing process. Moreover, the HBFP additive could enhance 
the hardness, Tg, chemical resistance, and surface hydrophobicity of the cured films. 
Additionally, the same aliphatic-aromatic HBPE was 85% functionalized with oxetane groups 
via a Mitsunobu reaction and was used, at a concentration of 5–20 wt%, as an additive for the 
cationic photopolymerization of a commercial oxetane-based resin [154]. The oxetane-
functionalized HBPE could act as a multifunctional crosslinker copolymerizing with the 
oxetane ring of the oxetane-based resin, leading to an increase in Tg due to the increased the 
crosslinking density, as well as an increase in the weight residue at a high temperature. 
2.4.1.2 Hybrid Coatings 
In the last few years, hybrid organic-inorganic nanocomposites have been broadly studied 
because they combine both the advantageous properties of an organic polymer (flexibility, 
good impact resistance and good processability) and inorganic materials (high mechanical 
strength, good chemical resistance, thermal stability and optical properties) [40]. Two different 
aromatic HBPEs were used as matrices for the preparation of nanocomposite materials 
containing TiO2 nanoparticles: one HBPE with phenolic end groups, HBP-OH, synthesized 
from a melt polycondensation of 4,4-bis(4-hydroxyphenyl)valeric acid, and an alkoxysilane 
modified HBP-OH [146]. The TiO2 nanoparticles were synthesized via an in-situ sol-gel 
process in the polymer solution, and then the polymer/TiO2 mixtures were thermally cured by 
diisocyanate to obtain a hard coating or a film. TiO2 was found to be dispersed on the 
nanometer scale inside the final coatings, and the TiO2 nanocomposite coatings also exhibited 
improved hardness and thermal properties compared with TiO2-free systems. However, the 
two HBPEs with different end groups showed a different interaction with the TiO2 
nanoparticles, and it was concluded that the modification was required to achieve a better 
dispersion of the nanoparticles in the matrix and better properties for the final coating.  
Aromatic HBPE-urethane-urea/K10-clay (AHBPU-urea/O-clay) hybrid coatings were 
prepared by Raju and co-workers [147] based on aromatic hydroxyl-terminated HBPEs. 
Initially, the HBPEs were prepared by a stepwise manner using phthalic anhydride and 
trimethylol propane as starting monomers, pentaerythritol as the core monomer. Then the 
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cetyltrimethylammonium bromide modified K10-clay was dispersed into the polyesters 
matrixes by ultrasonication method. Finally, the reactions of the O-clay dispersed polyesters 
and isophorone diisocyanate with different NCO/OH ratios yielded the NCO-terminated 
AHBPU/O-clay prepolymers. An increase in room temperature storage modulus, Tg and 
thermal stability of the hybrid coatings was observed with increasing clay content and 
NCO/OH ratio. The results of contact angle measurement revealed that the hydrophilicity of 
the hybrid films increased with increasing clay content, but decreased with increasing 
NCO/OH ratio. 
 Recently, Sangermano et al.[18] prepared advanced scratch resistant and tough nanocomposite 
epoxy coatings, a high loading silica hybrid coatings, based on a previously synthesized 
phenolic-terminated HBPE and an epoxy functionalized alkoxysilane additive. They found the 
addition of HBPE induced an important flexibilization of the glassy epoxy network with an 
increase in toughness of the cured polymeric coatings. Moreover, by further adding the 
functionalized alkoxysilane into the UV-curable formulations, as an inorganic precursor of 
silica domains, an increase in surface hardness was obtained without strongly affecting the 
flexibilization and the toughness achieved for the epoxy network containing HBPE. 
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2.5 UV Curing 
Ultraviolet curing (commonly known as UV curing) is a photochemical process in which 
high-intensity ultraviolet light is used to cure instantly or “dry” inks, coatings or adhesives.  
Offering many advantages over traditional drying methods, UV curing has been shown to 
increase production speed, reduce to reject rates, improve scratch and solvent resistance, and 
facilitate superior bonding [20].  
 Since it was originally introduced in the 1960s, UV curing has been widely adopted in many 
industries including automotive, telecommunications, electronics, graphic arts, converting and 
metal, glass and plastic decorating. UV curing is a multi-billion dollar worldwide industry, 
and now constitutes approximately 4% of the industrial coating’s market. UV curing has 
grown more than 10% yearly, displacing conventional water and solvent-based thermal drying 
processes due to its increased productivity, improvement of product quality and performance, 
and environmentally friendly characteristics [155]. 
 2.5.1 Explanation of the Science behind UV Curing 
Using light instead of heat, the UV curing process is based on a photochemical reaction. 
Liquid monomers and oligomers are mixed with a small percent of photoinitiators, and then 
exposed to UV energy. In a few seconds, the products - inks, coatings or adhesives instantly 
harden. 
UV curable inks and coatings were first used as a better alternative to solvent-based products, 
Conventional heat and air-drying works by solvent evaporation. This process shrinks the 
initial application of coatings by more than 50% and creates environmental pollutants. In UV 
curing, there is no solvent to evaporate, no environmental pollutants, no loss of coating 
thickness, and no loss of volume. This results in higher productivity in less time, with a 
reduction in waste, energy use and pollutant emissions. 
A comparison of the most suitable future coating technologies reveals that all alternatives to 
the classical solvent-borne coatings have specific advantages and drawbacks. “High solids” 
systems are closest to conventional solvent-based coatings and hence most easily adopted by 
manufacturers of solvent-borne coatings. However, they still consist of up to 30% solvents 
and have to be replaced in the long run. Water-based systems are well developed; however, 
they still lack performance when directly exposed to the environment, mainly due to their 
sensitivity to humidity, which is a consequence of the use of water compatible groups for 
solubilizing or dispersing the systems in water. Furthermore drying of water-based systems 
requires more energy and specially designed drying units. The most environmentally friendly 
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coatings are powder and radiation curable (UV/EB) systems, which are based on 100% solid 
or liquid formulations. The drawbacks of these coating systems are related to their 
performance. Due to the interference of melting and film formation with the cross-linking 
reaction, powder coatings often exhibit an orange peel structure. Radiation curable systems 
struggle with oxygen inhibition reactions of the radical induced polymerisation, mainly at the 
surface. Furthermore, UV light absorbing components that are present in the formulation like 
pigments, additives or UV absorbers can cause through-cure issues[156,157,158,159].  
 
Table 2.7 Comparison of advantages and drawbacks of future coating technologies. [160] 
 
Coating  Advantages Drawbacks 
 
High solids Excellent properties  
Ease of handling 
Users are familiar with  
solvent-based coatings 
Still solvent containing 
Long curing time 
Waterborne  Low VOC  
Wide range of chemistries, 
properties, application techniques 
Weak chemical resistance  
Difficult (cleanup) to dry  
Foaming 
Powder  100% solids 
Environmentally nearly ideal  
Narrow process window  
Orange peel structure  
Expensive 
Long curing time 
UV/EB  100% liquid  
Low energy consumption 
Low emission  
Low capital investment 
Low space consumption  
Marginal substrate heatin 
Higher raw material costs  
Difficult surface cure (due to oxygen 
inhibition) 
Difficult cure of pigmented coatings  
No cure in shadow areas 
 
2.5.2 UV Technology and Applications  
UV curing has now been established as an alternative curing mechanism to thermal 
hardening, contrary to the past, where it was only considered for the curing on temperature 
sensitive substrates, like wood, paper and plastics. This alternative curing technology uses the 
energy of photons of radiation sources in the short wavelength region of the electromagnetic 
spectrum in order to form reactive species, which trigger a fast chain growth curing reaction. 
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Figure 2.9 Electromagnetic energy spectrum. [160] 
 
Out of the electromagnetic spectrum (shown in Figure 2.9 is the range from the nearinfrared 
(NIR), over visible and ultraviolet (UV) to electron beams and X-ray) the UV region, further 
classified into UV-A, UV-B, and UV-C radiation, is mainly used for this technology[160]. 
The energy content of a photon is defined by the equation 
E= hν = hc/ λ 
 
where ν is the frequency and λ is the wavelength (nm). This equation tells us, that the shorter 
the wavelength, the higher the energy of a photon. UV light in the wavelength region of 200–
300 nm should already be able to cleave C–C bonds. The high energy photons of e-beam and 
X-ray are sufficient to cleave C–C or C–H bonds, thus, they do not need a special 
photoinitiator for forming the desired radical species as initiators for polymerization. In the 
case of UV exposure, however, photoinitiators are commonly used, since the direct cleavage 
processes are not efficient enough. The photoinitiators are excited and after a cascade of 
reactions form the desired reactive species. In the case of using longer wavelength exposures, 
more complicated energy transfer reactions are needed [157,158]. 
From the spectrum of usable radiation energy sources, UV technology is by far the most 
common one. From the higher energy radiation sources, e-beam technology has been widely 
explored for coatings technologies. It is still the most economical technology for industrial 
applications with very high volumes. However, the high safety requirements related to the use 
of e-beam technology and the high investment costs hamper the widespread use of this 
technology. At the Rad.Tech. Conference 2005 in Barcelona, considerable interest has been 
expressed in the session dealing with e-beam technology for “printing, varnishing and 
laminating for the packaging industry”. The reasons for this alertness are new developments 
of compact and less expensive EB equipment and new formulation advances in flexographic 
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printing inks, coatings and adhesives. Especially in the packaging printing for food contact 
applications the use of EB technology has advantages over UV coatings since no 
photoinitiator is needed, which can migrate, if the coating is inadequately cured [160]. 
 
Figure 2.10 UV coatings – from traditional to new applications. [160] 
 
As can be seen from the few application examples shown in Figure 2.10, UV curable 
coatings are traditionally used on temperature sensitive substrates, like wood, paper and 
plastics, for example, clear coats for parquet, furniture, vinyl flooring, on plastic substrates 
(crash helmet, boards), compact discs, headlight lenses or overprint varnishes (posters, high 
gloss packaging). However, since coatings are used almost everywhere, the UV coatings 
market is expanding to new applications, where traditionally thermal curing systems have 
been the workhorses. Applications like UV curable coatings on metals (automotive, coil 
coating) and exterior uses on windows, on glass, bikes, on appliances, like refrigerators, 
washing machines, and most prominently on cars are good examples. A multiplicity of 
coating applications is often less noticed, such as adhesives and protective coatings for DVD 
and CD’s, protective coating on glass fiber wires, inside and outside of beverage cans, on 
automotive parts, like headlight mirrors and in multiple functions on electronic parts. This list 
can easily be extended even further. 
Up to now, UV curable systems are mainly used in clear coat applications, thus posing 
high demands on the performance of this layer; at the surface of the coating it is exposed to 
attack by mechanical or chemical stresses, like scratches, household chemicals (detergents, 
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red wine, coffee, mustard), by air polluents (acids, water, bird excrements) as well as stone 
chipping or many other impacts. The formulations used for radiation curable coatings depend 
therefore on the specific performance requirements and on the application technique. The 
traditional formulations of UV curable coatings are still 100% liquids (or also commonly 
referred to 100% solids, despite used in liquid form, in order to point out that they contain no 
solvents or other volatiles). However, in the meantime, due to the consideration of UV curing 
as an alternative to thermal hardening, the use of small amounts of solvents in order to reduce 
the viscosity, the formulation of UV curable water-based systems and the development of UV 
powder have been pursued. 
2.5.3 Advantages and Drawbacks of UV Coatings  
Some general advantages and disadvantages of UV curable coatings have already been 
mentioned in Table 2.7 From the many advantages and disadvantages mentioned in the 
literature, some of the most important are listed below[160]: 
Economical advantages 
• Energy saving (commonly rapid cure at room temperature) 
• High production speed 
• Small space requirements 
• Immediate post cure processing possible 
Ecological advantages 
• In general solvent free formulations (VOC reduction) 
• Possibility of easy recycling (waste reduction) 
• Energy saving 
Performance advantages 
• Low substrate heating 
• High product durability 
• Application versatility 
• High scratch resistance and chemical resistance 
• Exceptional abrasion, stain and solvent resistance 
• Superior toughness 
Drawbacks 
• Material costs are higher than, e.g., alkyds, polyesters or epoxies 
• 3D curing equipment development is in its infancy 
• UV curing in the presence of UV stabilizers decelerated 
• Oxygen inhibition at the surface (in many radical curing systems) 
• Sensitivity to moisture (cationic curing system) 
• Difficult through-cure of pigmented coatings (at thicknesses >5 μm) 
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Topics to eliminate weaknesses 
• Improving adhesion to metal, plastics 
• Minimizing skin irritation caused by some reactive diluents 
• Reducing odor (of the formulations) 
• Reducing extractables of cured coatings 
• Improving photoinitiators (cost, migration, volatility) 
• Direct food contact packaging approval 
While the advantages and good performance characteristics of this technology are very 
obvious, the reasons for the limited penetration into large volume coating applications must 
lie in some substantial disadvantages. Major reasons are the limited availability of three-
dimensional curing equipment, the very limited use of UV cured coatings in exterior 
applications, due to the existing paradigm that UV curing would not be possible in the 
presence of UV exterior durability stabilizers, and higher material costs compared to 
conventional coatings [160]. 
One of the major reasons for the almost exclusive application of UV curing in two 
dimensional curing systems is the fact that the radiant power of the lamp decreases with the 
square of the distance. Thus, it is difficult to control the effective energy (radiant power 
arriving at the surface/curing time) necessary to cure the coating sufficiently at every point of 
a three dimensional substrate. Major advances in the design and radiometric control of three-
dimensional curing equipment have already been achieved, but still have to be improved. 
The development of UV curable coatings for exterior applications had been disregarded in 
the past, since such coatings have to be stabilized with UV absorbers and radical scavengers 
(HALS types) in order to provide enough long-term stability. This was due to the 
preconception, that the UV induced radical polymerization could not be possible in the 
presence of UV absorbers and radical scavengers. Since this prejudice has been disproved, the 
whole field of exterior applications opened to UV coatings, which had seemed closed to UV 
curing forever. Especially the high scratch resistance obtainable with UV cured coatings, as 
proven in parquet flooring, has attracted the attention of automotive companies, which are 
looking for coatings which can withstand the typical scratches resulting in car wash units. 
Further improvements have to be achieved in order to overcome the oxygen inhibition 
effect, which leaves a tacky surface, unless very intense radiation or other measures are 
employed. This effect is caused by the high reactivity of oxygen with radical species and the 
formation of an unreactive peroxy radical, which does not continue the curing chain reaction. 
Therefore, the cross-linking reaction and the formation of a solid network are retarded until all 
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oxygen is consumed. Since the use of high energy density radiation is undesirable several 
alternative measures will be discussed[157]. 
The discussion of tackling the drawbacks of UV technology, the evaluation of structure 
property relationships, relating mainly to mechanical and scratch resistant properties, 
constitutes the basis for understanding the advantages of using this technology for exterior, 
especially for automotive and industrial applications. 
The economical and ecological benefits of UV curable coatings often appear when the 
question arises “which coating system should be chosen in order to coat a specific surface 
area” and different coating alternatives may be considered. This is preferably done by 
comparing the whole process of coating a substrate from cradle to grave with the 
ecoefficiency method [158]. 
 
2.5.4 Cationically-Curable Systems 
Interest and research activity in cationic UV curing has increased due to the insensitivity to 
oxygen inhibition. Until now this technology has not yet found the widespread use in many 
industrial applications compared to radical systems. Decorative and protective coatings, 
printing inks and adhesives are just a few examples of applications in which photoinitiated 
cationic polymerizations have experienced the most commercial growth. As with radically 
polymerizing UV coatings, the cationic curing is also a very rapid polymerization consuming 
little energy without the need for an inert atmosphere, hence providing important economic 
incentives. The cationic polymerization process is shown schematically on the example of 
epoxide polymerization. A proton or a Lewis acid activates the oxygen atom in order to 
facilitate a nucleophilic attack of epoxide oxygen onto the (positivated) carbon next to the 
activated oxygen. Upon ring opening a secondary hydroxide is formed and the chain reaction 
continues at the next activated oxirane ring [160]. 
 
The thermal, mechanical, chemical resistance, low shrinkage and adhesion characteristics of 
the network polymers that are formed are excellent. However, their limited use up to now may 
be due to other problems of the cationic polymerization system than oxygen inhibition; for 
example, moisture can terminate the chain reaction. The industrial impact of cationic UV 
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curing is predicted to increase markedly in the future as this technology undergoes further 
maturation[161]. 
 
2.5.5 Cationically Curable Resins and Monomers 
In general, two main groups of monomers are used in cationic polymerization, the first being 
ethylenic monomers containing groups that stabilize the carbocation by resonance, like 
aromatic rings (styrene, α-methyl styrene), a double bond (butadienes, isoprenes) or an ether 
group (vinyl ethers, oxetanes), and the second being heterocyclic monomers containing at 
least one heteroatom (O, S or P, like epoxides or caprolactones), for which the propagation 
reaction proceeds via onium ions. 
A large number of cationic resins and monomers have been evaluated [162]. By far the main 
resin types used in radiation curable cationic coatings are based on epoxides, for example, the 
bis-glycidyl ether of Bisphenol-A or the cycloaliphatic 3,4-epoxy-cyclohexylmethyl-3’,4’-
epoxy-cyclohexane-carboxylate (Cyracure UVR 6110 from Dow) and a large number of other 
cycloaliphatic epoxides, [163] followed by vinyl ether terminated resins (Figure 2.11). 
 
Figure 2.11  Chemical structure of aromatic and cycloaliphatic epoxides, standard sulfonium salt and 
novel-type of cationic photoinitiator (arylthianthrenium salt). 
As reactive diluents epoxides (1,6-hexanediol-diglycidylether, HDDGE) or vinyl ethers 
(triethyleneglycol-divinyl ether, TEGDVE) are used. The cationic curing of epoxies together 
with vinylether or oxetane groups[164] containing monomers has been evaluated. Triethylene 
glycol divinyl ether was shown to be more effective as reactive diluent in cationic curing 
epoxy systems (Cyracure UVR 6110) than HDDGE. With optimum TEGDVE concentrations 
in the range of 10–20% the viscosity could be decreased to the range of 50–100 mPa s, cure 
rate and conversion increased as well as solvent resistance. The use of 3-ethyl-3-
hydroxymethyl oxetane (EHMO) also reduced the viscosity down to 150–100 mPa s at 
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concentrations of 10–25%. Here also the cure rate and the solvent resistance are increased, as 
shown with typical formulations for clear coats and inks. 
Novel hyperbranched polymers, based on dipentaerythritol as the core molecule and 4,4’-
bis-(4-hydroxyphenyl) valeric acid as AB2 monomer and functionalized with hydroxy, epoxy 
or oxetane groups have been evaluated in cationic UV curing[165] of epoxy and oxetane 
systems as additives. They were incorporated into the network either by copolymerization or 
via chain transfer involving the hydroxy group. They showed an increase of toughness and 
modulus and better thermal stability, expressed as increase of weight residue above 450°C in 
TGA experiments. 
 
2.5.6 Cationic Photoinitiators 
The most widely employed cationic photoinitiators are compounds belonging to two classes 
of onium salts, the diaryliodonium and triarylsulfonium types (Fig. 2.11). Less important are 
diazonium salts and organometallic complexes, like ferrocenium salts (Irgacure® 261). 
Fouassier[166]has reviewed the chemistry, excited state processes and reactivity of a large 
number of such initiators. The iodonium and sulfonium compounds are very efficient 
photoinitiators, producing Broensted acids as initiating species, however, they exhibit some 
disadvantages. Their spectral sensitivity is predominantly in the short wavelength UV, their 
toxicity, especially of the iodonium salts, has to be considered, and in general their solubility, 
in particular of the cheaper sulfonium salts, in coating formulations is rather low. 
Furthermore, these diaryl- or triaryl-onium salts release undesirable benzene during the 
photoreaction, which prompted regulation of these types in food packaging[166]. 
New developments have been undertaken to tackle the problems described. A new 
photoinitiator recently introduced by Ciba is based on long alkyl chain substituted diaryl 
iodonium salts, thus avoiding the release of benzene (Ciba Irgacure® 250). 
 The scheme of a typical photoinitiated cationic polymerization is outlined below: [167] 
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The key step in this process is the absorption of light by the photoinitiator, R-R', to generate 
fragments R+ and R'-. Subsequently, R+ alone or as a result of further reaction leads to a 
species that functions as a catalyst for the polymerization of vinyl or heterocyclic monomers 
by a chain process. It is noteworthy that light is required in the above processes only in 
amounts sufficient to generate trace quantities of a catalytic substance. The polymerization 
itself proceeds by a dark or non photochemical process. 
Ideally, photoinitiator should be completely stable by itself and toward spontaneous 
polymerization when dissolved in reactive monomers. When irradiated, it should undergo 
photolysis with high quantum efficiency and without the liberation of by-products that either 
inhibit polymerization or degrade the quality of the final product. Further, the synthesis of the 
prospective photoinitiator should be reasonably straightforward and inexpensive. It is also 
advantageous that the photoinitiator has as low toxicity as possible. 
Triarylsulfonium salts having the structure    Ar3S+  X-  are a general class of easily prepared 
stable crystalline salts that are highly efficient photoinitiators for cationic polymerization 
(scheme 2.6). Investigations have shown that the photochemistry of these compounds is in 
close analogy with that of the diaryliodonium salts: [167] 
Ar3S+ X-
hv Ar3S+ X-
*
Ar3S+ X-
* Ar2S.+ X- + Ar
.
Ar2S.+ X- + R H Ar2S+ HX- + R .
Ar2S+ HX- Ar2S + HX  
Scheme 2.6 The photochemistry of Triarylsulfonium salts photoinitiators. 
Unsubstituted triarylsulfonium salts have quantum yields of 0.06 to 0.17 at 313 nm. With 
respect to their photochemical properties, triarylsulfonium salts display other obvious 
parallels to diaryliodonium salts. For example, their photolyses are not affected by 
temperature, radical inhibitors, or the presence of oxygen or other triplet quenehers. As 
photoinitiators these compounds appear to be nearly ideal, combining a high degree of 
photosensitivity with excellent thermal stability. Highly reactive multifunctional epoxy resins 
containing triarylsulfonium salts show no tendency to polymerize even when heated to 150°C. 
Yet these same mixtures polymerize rapidly on exposure to ultraviolet (UV) light [167]. 
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2.6 Epoxy Resins 
Epoxy resins are oxirane-containing oligomers, which cure through the reaction of epoxide 
groups with a suitable curing agent. The first production of epoxy resin occurred 
simultaneously in Europe and in the United States in the early 1940s. Today, a wide variety of 
epoxy resins of varying consistency is available. 
Epoxy resins are unique among all the thermoset resins due to several factors [168,169,170]: 
minimum pressure is needed for fabrication of products normally used for thermosetting 
resins, cure shrinkage is much lower and hence lower residual stress in the cured product than 
that encountered in the vinyl polymerisation is used to cure unsaturated polyester resins, use 
of a wide range of temperatures by judicious selection of curing agents enables good control 
over the degree of crosslinking, and availability of the resin ranging from low viscous liquid 
to tack-free solids. Because of these unique characteristics and useful properties of the 
network polymers, epoxy resins are widely used[171,172] in structural adhesives, surface 
coatings, engineering composites, and electrical laminates. Most of the composite applications 
utilize conventional difunctional epoxy as a matrix. However, many high-performance 
applications such as aerospace and critical defence applications require incorporation of 
epoxies of higher functionality, known as multifunctional epoxies. Tri- and tetrafunctional 
epoxy resins are available commercially. The chemical structures of difunctional and 
multifunctional epoxies are shown in Figure 2.12, and the physicochemical properties of the 
resins are given in Table 2.8. 
Table 2.8  Physicochemical properties of difunctional and multifunctional epoxy resins 
 
Epoxy resin Viscosity (Pa-s) Epoxy equivalent (g/eq) Functionality 
(eq/mol) 
DGEBA 3.5 190 2 
TGAP 0.6 95 3 
TGDDM 94.5 100 4 
CE 300 135 2 
DGEBA:  Diglycidyl ether of bisphenol A  
TGAP:  Triglycidyl p-amino phenol 
TGDDM:  Tetraglycidylether of 4,4′ diaminodiphenyl methane 
CE: 3,4-Epoxycyclohexylmethyl-3’,4’-epoxycyclohexyl carboxylate, 
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Figure 2.12 Chemical structures of difunctional and multifunctional epoxies. 
 
2.6.1 Applications of Epoxy Resin  
Epoxy resins are widely used as adhesives, surface coatings, encapsulate and casting 
materials. They are used in industrial tooling applications to produce moulds, master models, 
laminates, castings, fixtures, and other industrial production aids. This ‘plastic tooling’ 
replaces metal, wood and other traditional materials, and generally improves the efficiency 
and lowers the overall cost or shortens the leadtime for many industrial processes. Epoxy 
resins are extensively used as a binder for marine paints, which is required to protect the naval 
structure from the corrosive marine environment [173]. 
Epoxy resins can be used as a matrix for making high-strength composites with glass, carbon 
and Kevlar fibers because they are chemically compatible with most substrates and tend to 
wet surfaces very easily. Such composites are exclusively used for aerospace applications. 
Epoxy resins due to the excellent processability and useful properties of network polymers 
dominate the aerospace industries. This is because epoxy composites can satisfy the technical 
requirements of structural material for civil and military aerospace applications, namely 
flooring panels, ducts, wings and vertical and horizontal stabilizers. Such composites are also 
used to produce lightweight vehicle frames, racing cars, musical instruments, and industrial 
components with high strength to weight ratio. The major use of epoxy resins is in the 
electronics industry. They are extensively used in motors, generators, transformers, 
switchgears, bushings, and insulators. Epoxy resins are excellent electrical insulators and 
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protect electrical components from short circuiting, dust and moisture. In the electronics 
industry, epoxy resins are the primary resin used in moulding integrated circuits, transistors 
and hybrid circuits, and making printed circuit boards[173]. 
2.6.2 Hyperbranched Polymer (HBP) - Based Toughening Agents 
The modification of epoxy with linear elastomers, as discussed in previous sections, is 
associated with a considerable increase in viscosity, which is disadvantageous to a processing 
point of view. The problem can be overcome by using dendritic HBP toughening 
agents[174,175]. Due to the compact, three-dimensional (3D) structure of dendritic polymers, 
these molecules mimic the hydrodynamic volume of spheres in solution or melts, and flow 
easily past each other under applied stress. 
These results in a low melt viscosity, even at high molecular weights, due to a lack of 
restrictive interchain entanglements[176]. Dendritic polymers have been shown to exhibit melt 
and solution viscosities that are an order of magnitude lower than their linear analogues of 
similar Mw. The high density of functional terminal groups on dendritic polymers also offers 
the potential for tailoring their compatibility with epoxy through conversion of dendritic 
polymer end groups to chemically suitable moieties or through in-situ reaction to form 
covalently bound networks. These two properties (low viscosity and tailorable compatibility) 
make HBP excellent candidates as flow additives that could act simultaneously as toughening 
agents. These polymers are commercially available, e.g., BoltonTM. A schematic 
representation of hydroxyl and epoxy-functionalised HBP is shown in Figure 2.13 
 
Figure 2.13  Chemical structures of hydroxyl and epoxy-functionalised hyperbranched polymers 
(HBP). 
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Boogh and co-workers [177,178] first investigated the effect of incorporation of HBP on the 
fracture properties of epoxy resins. They reported an increase in the critical strain energy 
release rate (G1c) by a factor of 6 as a result of addition of 5 wt% of epoxy functionalised 
HBP in the epoxy matrix. Ratna and co-workers [179,180,181,182,183,184] studied extensively the 
blends of epoxies (difunctional and multifunctional) and HBP with various functionalities 
such as epoxy and hydroxyl.  
2.7 Polyurethane 
2.7.1 Introduction 
The first polyurethane synthesised by Dr Otto Bayer, in 1937, at IG Farbenindustrie Germany, 
by the reaction of a polyester diol with a diisocyanate, opened a new way in macromolecular 
chemistry: that is the synthesis of polymers by a new reaction, called polyaddition reaction. 
Polyurethane (PUR and PU) is any polymer composed of a chain of organic units joined by 
carbamate (urethane) links. Polyurethane polymers are formed through step-growth 
polymerization, by reacting a monomer (with at least two isocyanate functional groups) with 
another monomer (with at least two hydroxyl or alcohol groups) in the presence of a catalyst. 
Polyurethanes, having a relatively short history, of slightly more than 70 years, became one of 
the most dynamic groups of polymers, and their use covers practically all the fields of 
polymer applications - foams, elastomers, thermoplastics, thermorigids, adhesives, coatings, 
sealants, fibres and so on. Polyurethanes are used in nearly every aspect of daily life, 
changing the quality of human life. Furniture, bedding, seating for cars, shoe soles, 
thermoinsulation for refrigerators and buildings, wood substitutes, packaging, and coatings, 
are only a few common examples of polyurethane use in everyday life[185]. 
       
 
Figure 2.14 Polyurethane Sheets and Year 2010 New design – 100% PU jacket. 
 
Polyurethanes are unique materials where the elasticity of rubber is combined with the 
toughness and durability of metals which allows the engineer to replace rubber, plastic and 
metal with the ultimate in abrasion resistance and physical properties. Polyurethanes have a 
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large variety of applications due to their unique property range, such as high strength, high 
hardness, high modulus, and high elongation at break. Therefore, there are so many problems 
these materials can solve: from automotive parts to building and construction, from medicine 
to electronics, from textiles to furniture. Even so, this is not all [186]. 
Polyurethanes are obtained by the reaction of an oligomeric polyol (low molecular weight 
polymer with terminal hydroxyl groups) and a diisocyanate (or polyisocyanate). The structure 
of the oligomeric polyol used for polyurethane manufacture has a very profound effect on the 
properties of the resulting polymer. 
The polyurethanes are a special group of heterochain polymers, characterised by the following 
structural unit[185]: 
 
The urethane groups -NH-COO- are esters of carbamic acid, a hypothetically unstable (and 
impossible to obtain under normal conditions) acid [R-NH-COOH]. It is possible to 
synthesise the urethane groups by various methods, but the most important one is the reaction 
between an isocyanate and an alcohol: 
 
The first urethane was synthesised, by this route, as early as 1849 by Wurtz. In 1937, 
following very systematic and intensive research works at IG Farbenindustrie, in Germany, 
Dr. Otto Bayer synthesised the first polyurethane, by the reaction of a diisocyanate with a 
polyester having two terminal hydroxyl groups (called polyester diol, in fact an α,ω−telechelic 
polymer with terminal hydroxyl groups) [185]: 
 
In fact, Bayer invented a new method for the synthesis of macromolecular compounds: 
the polyaddition reaction, which is a special case of polycondensation, with the difference that 
the reaction product is exclusively the polymer. In the classical polycondensation reactions, 
the products are: the polycondensation polymer and a low molecular weight (MW) compound 
(water, alcohols, and so on). The fact that in the polyaddition reactions the product is only the 
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polymer is of great technological importance, especially for the purity and the morphology of 
the resulting macromolecular compound. 
In the slightly more than 70 years of the existence of polyurethanes, the growth of the 
polyurethanes was constant and the prediction for the future is very optimistic due to the new 
markets opened in Eastern Europe, Asia and South America. 
In Figure 2.15, one can see the growth of polyurethane consumption, between 2000- 2004. 
Figure 2.16 shows the world consumption of polyether polyols and polyester polyols for 
polyurethanes in the period of time 2000-2004. Polyurethanes represent only 5% of the 
worldwide polymer consumption (Figure 2.15 shows around 10.6 million metric tonnes in 
2004), but the dynamics of their growth is constantly high, around 4-6% [186]. 
 
                     
Figure 2.15 World consumption of polyurethanes (2000-2004) 
 
 
Figure 2.16 World consumption of polyether and polyester polyols for polyurethanes between 2000-
2004. 
 
Literature Overview                                                                                  44 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17 Polyurethanes and world production of plastics. [185] 
 
The main field of polyurethane application is the furniture industry; around 30% of the total 
polyurethanes produced worldwide are used for the production of mattresses from flexible 
slabstock foams. Automotive manufacture is the second important application for flexible and 
semiflexible polyurethanes (seat cushioning, bumpers, sound insulation, and so forth). Rigid 
polyurethane foams are used in thermal insulation of buildings and refrigerators, cold stores, 
pipe insulation, refrigerated transport, thermal insulation in chemical and food industries. The 
polyurethane elastomers are used for shoe soles, footwear, athletic shoes, pump and pipe 
linings, industrial tyres, microcellular elastomers, etc. Polyurethane adhesives, sealants, 
coatings and fibres represent another group of polyurethanes with specific applications. The 
main applications of polyurethanes are presented in Figure 2.18 [185]. 
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Figure 2.18 The main applications of polyurethanes. [185] 
 
Figure 2.19 shows that the majority of polyurethanes used worldwide are foams (flexible, 
semiflexible, rigid foams), around 72% from the total polyurethanes. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19 World consumption of polyurethanes, by products (2000-2002) 
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Figure 2.20 Classification of polyurethanes as function of crosslink density and stiffness 
 
It is well known that foam is a composite solid-gas material. The continuous phase is the 
polyurethane polymer and the discontinuous phase is the gas phase. Polyurethanes are an 
extremely versatile group of polymers, produced in a wide range of densities, crosslink 
densities and stiffnesses, from very soft to very hard structures, as shown in Figure 2.20[186]. 
Considering the practical and applicative reasons, the polyurethanes can be divided into two 
main categories: elastic polyurethanes, e.g., flexible foams, elastomers, coatings, adhesives, 
fibres etc., and rigid polyurethanes, e.g., rigid polyurethane foams, structural foams, wood 
substitutes, solid polyurethanes, etc. This common classification of polyurethanes in elastic 
and rigid polyurethanes is mainly based on the oligo-polyol structure. Thus, the general 
reaction for the polyurethane synthesis is: 
 
The MW of the oligo-polyols used in polyurethane synthesis varies between 300-10000 
daltons, in the region of low MW polymers (oligomers), the number of hydroxyl 
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groups/molecule of oligo-polyol (the oligo-polyol functionality) being generally in the range 
of 2-8 OH groups/mol. A polyol of low functionality, having around 2-3 hydroxyl groups/mol 
and with a high MW of 2000-10000 daltons, leads to an elastic polyurethane and on the 
contrary, a low MW oligo- polyol of 300-1000 daltons, with a high functionality of around 3-
8 hydroxyl groups/mol leads to a rigid crosslinked polyurethane [185]. 
 
2.7.2 Basic Chemical Reactions 
Segmented polyurethanes can be represented by three basic components in the following 
general form: 
P-(D(CD)n-P)n 
 
Where P is the polyol, D is the diisocyanate and C is the chain extender. Polyol, or the so-
called soft segment, is an oligomeric macromonomer comprising a “soft” flexible chain 
terminated by hydroxyl (-OH) groups. The chain extender is usually a small molecule with 
either hydroxyl, or amine end groups. The diisocyanate is a low molecular weight compound 
that can react with either the polyol or chain extender, leading to the interesting segmented 
structure. In linear polyurethanes, the three components have a functionality of two. If a 
branched or crosslinked material is desired, multifunctional polyols, isocyanates, and 
sometimes chain extenders can be incorporated into the formulation. Due to the statistical 
nature of the copolymerization, polyurethanes have both a distribution in total molecular 
weight and adistribution in the hard segment sequence length, those copolymer sequences 
denoted as D(CD)n, that follow essentially a most probable distribution. 
The principle chemical reaction involved in the synthesis of polyurethanes is the urethane-
forming reaction, i.e., the reaction between isocyanate and hydroxyl groups. 
Because this is a nucleophilic addition reaction, it is catalyzed by basic compounds such as 
tertiary amines and by metal compounds such as organotin. Urethane formation is actually an 
equilibrium reaction; the presence of catalyst therefore also increases the rate of the back 
reaction at high temperatures. Another important basic reaction is the chain extension reaction 
which occurs between chain extender (diol or diamine) and isocyanate. When a diol is used as 
chain extender, urethane will be formed while urea will be formed if diamine is used. 
Isocyanate not only reacts with primary amine, but can also react with secondary amine such 
as the N-H in urethane or urea groups, even though the rate of reaction is much lower 
compared with that of the primary amine [186].  
In addition to the above two basic reactions, the reaction of water with isocyanate must also 
be mentioned. Because isocyanate is so active, it reacts with active or acidic hydrogen almost 
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instantly. This two-step reaction with water has become the most important side reaction that 
should be avoided or minimized, except if a foam or high urea content is desired. 
The amine groups formed during the second step will further react with remaining isocyanate 
to produce urea groups. The carbon dioxide formed can be used to produce polyurethane 
foam. The net effect of this reaction on the ratio of reactants is the consumption of one unit of 
isocyanate and the formation of one amine group. Further reaction of the amine group with an 
isocyanate leads to the formation of a urea. 
 
2.7.3 Basic Chemistry of Polyurethanes 
The high reactivity of the isocyanate group with hydrogen active compounds can be explained 
by the following resonance structures [185]: 
 
Electron density is higher at the oxygen atom, while the carbon atom has the lowest electron 
density. As an immediate consequence, the carbon atom has a positive charge, the oxygen 
atom a negative one and the nitrogen atom an intermediate negative charge. The reaction of 
isocyanates with hydrogen active compounds (HXR) is in fact an addition at the carbon - 
nitrogen double bond [187]: 
 
The nucleophilic centre of the active hydrogen compounds (the oxygen atom of the hydroxyl 
groups or the nitrogen atoms in the case of amines), attacks the electrophilic carbon atom and 
the hydrogen adds to the nitrogen atom of the -NCO groups. Electron withdrawing groups 
increase the reactivity of the -NCO groups and on the contrary, the electron donating groups 
decrease the reactivity against hydrogen active compounds. Aromatic isocyanates (R = aryl) 
are more reactive than aliphatic isocyanates (R = alkyl). Steric hindrance at -NCO or HXR´ 
groups markedly reduces the reactivity. 
2.7.3.1 Reaction of Isocyanates with Alcohols 
The reaction between isocyanates and alcohols, the most important reaction involved in 
polyurethane synthesis, is an exothermic reaction and leads, as mentioned before, to 
production of urethanes [187]: 
 
∆ 
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2.7.3.2 Reaction of Isocyanates with Water 
The reaction between isocyanates and water leads to production of gaseous carbon dioxide 
and an urea group. This reaction is a very convenient source of a gas necessary to generate the 
cellular structure of polyurethane foams [185]: 
 
The amine reacts very rapidly with other isocyanate molecules and generates a symmetrical 
disubstituted urea [185]: 
 
 
The reaction of isocyanate with water is more exothermic than the reaction with alcohols and 
the total heat release per mole of water is about 47 kcal/mol. It is evident that one mole of 
water reacts with two -NCO groups, which is very important in order to calculate the correct 
quantity of isocyanate needed for polyurethane formulations. Water is considered, in 
polyurethane foam manufacture, as a chemical blowing agent, because the gas generation is a 
consequence of a chemical reaction.  
The reaction between isocyanates and alcohols or water is catalysed by tertiary amines with 
low steric hindrance, and some tin, lead or mercury compounds such as: 
 
 
2.7.3.3 Reaction of Isocyanates with Epoxide Compounds 
The reaction of -NCO isocyanate groups with epoxidic rings, in the presence of special 
catalysts, leads to the formation of cyclic urethanes (oxazolidones) [185]: 
Literature Overview                                                                                  50 
 
2.7.4 Prepolymer Technique 
Prepolymers are formed by the reaction of a diisocyanate with an oligo-polyol, at the molar 
ratio [diisocyanate]/[OH group] of 1/1, in fact only one group of diisocyanate reacts with one 
hydroxyl group of the polyol. A structure with free terminal -NCO groups called ‘prepolymer’ 
is produced.  
 
By the reaction of a prepolymer with a chain extender such as: ethylene glycol, diethylene 
glycol, 1,4 butane diol or a diamine, the high molecular weight polyurethanes are formed. 
 
This ‘prepolymer’ technique is frequently used in the manufacture of polyurethane 
elastomers, coatings, sealants, flexible foams, monocomponent polyurethanes, etc. 
In the special case of monocomponent polyurethanes, the single partner of the reaction is the 
prepolymer. The prepolymer is extended to a high MW polymer by reaction with water 
present in the atmosphere. Water, is in fact, a chain extender and the resulting high MW 
polymer has both bonds: urethane and urea bonds: 
OCONHRNHCOO OCONHRNCO +
Prepolymer
n H OHn
OCONHRHNCNRNHCOO OCONHRNHCNHRNHCOO
O O
Polyurethane
n
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If a prepolymer derived from an oligo-triol or an oligo-polyol, having three or more terminal -
NCO groups is used, if it is in contact with atmospheric humidity, crosslinked polyurethanes 
are obtained [185]. 
2.7.5 One Shot Technique 
One of the most used techniques to obtain polyurethanes is the one-shot technique, which 
consists of the very efficient mixing, in one step only, in a short time, of all the raw materials 
involved in polyurethane fabrication: isocyanate, oligo-polyol, chain extenders or 
crosslinkers, silicon emulsifiers, blowing agents, catalysts, such as tertiary amines and tin or 
stannous catalysts and other auxiliary raw materials (flame retardants, fillers). The ‘key’ to the 
‘one shot’ technique is extremely efficient mixing, in a very short time. At this initial stage, 
the reactions between isocyanates and active hydrogen compounds are insignificant and the 
reaction mixture is liquid. 
In order to simplify the procedure of using too many components, a ‘masterbatch’, that is a 
mixture of the components that do not react with each other, (e.g., oligo-polyol, water, chain 
extender, catalysts, etc.), is made before foaming. Then it is possible to use only two 
components: one is the polyolic component (called component A or formulated polyol, 
containing a mixture of all raw materials except for the isocyanate, in the proportions needed) 
and the second component is the isocyanate (called component B or isocyanate component). 
The polyurethane that results is a consequence of the very efficient contact between the 
isocyanate component and the polyolic component. Usually, in rigid PU foams only two 
components are used. In flexible foams, the polyolic component is divided into two 
components, especially in order to avoid the contact of some hydrolysable component with 
water, (e.g., stannous octoate). The gravimetric ratio between the components is verified 
before the foaming process and if necessary, it is corrected [185]. 
Modern foaming machines permit a simultaneous dosing of many components, (e.g., seven 
components, three different oligo-polyols). The correct ratio between the components is 
assured by the perfectly controlled flow of each component. In this manner, it is possible to 
use a large range of formulations by simply changing the component flow. This facility 
assures a high flexibility in the foaming process. 
All the previous information regarding the general chemistry of polyurethanes and the 
structure of isocyanates have a role in the better understanding of how the oligo-polyols get 
chemically inserted in the high MW polyurethane structure and to understand the role played 
by the polyol structure in the properties of the resulting polyurethanes. 
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2.7.6 Several Considerations on the Polyaddition Reaction 
As mentioned previously, the synthesis of polyurethanes, by the reaction of a diisocyanate (or 
polyisocyanate) with oligo-diols (or oligo-polyols), is a polyaddition reaction (or step-
addition polymerisation), a particular type of polycondensation reaction. There is a great 
difference between the polycondensation and the polyaddition reactions and the classical 
radical polymerisation or ionic (living) polymerisation reactions. In radical polymerisations 
(typical chain reactions), the high MW polymer is formed at the beginning of polymerisation. 
The reaction system is constituted from monomer and high MW polymer. The radical 
polymerisations are characterised by strong transfer reactions, simultaneous with the 
polymerisation reaction [185].  
Living ionic polymerisations are characterised by a linear increase of the MW in the resulting 
polymer, with the conversion. In the reaction system there are: the monomer and the polymer. 
In living ionic polymerisations, the termination reactions are absent.  
In our particular type of step-addition polymerisation, monomers, dimers, trimers, oligomers 
and polymers are the reactive species, which participate in the chain growth. Initially, the 
monomers react with monomers and give dimers, dimers react with monomers and dimers 
and give trimers and tetramers, respectively. The high MW polymer is formed only in the last 
stages of the polyaddition reaction, at high conversion rates. Chain transfer and termination 
reactions are absent. In Figure 2.21 one can compare, the MW growth of polymers in radical, 
living anionic and step-addition polymerisation reactions. As in all polycondensation 
reactions, in polyaddition reactions (for example in polyurethane synthesis), the molar ratio 
between the reactive group (in our case between [-NCO]/ [hydroxyl groups]), has a very 
strong influence on the MW of the resulting polyurethane polymer.  
 
Figure 2.21 Molecular weight growth in radical, living ionic and step-addition  
polymerisations. 
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The maximum MW is obtained at an equimolecular ratio [-NCO]/[OH] = 1. A small excess of 
one reactant (isocyanate or hydroxyl groups), drastically reduces the MW of the resulting 
polyurethane (Figure 2.22). 
 
Figure 2.22 The effect of the molar ratio [-NCO]/[OH] on MW of the polyurethanes. 
 
2.7.7 Raw Materials 
Segmented polyurethane is composed of three raw material reactants: polyol, diisocyanate, 
and chain extender (diamine or diol). The final properties of the polyurethane produced are 
largely dependent on the chemical and physical nature of these three building blocks. 
2.7.7.1 Polyol 
Conventional polyols are usually a polyether (with a repeating structure of -R-O-R’-) or a 
polyester (with repeating structure of -R-COO-R’-), with chain ends terminated by hydroxyl 
groups. Unlike diisocyanate compounds and chain extenders, a polyol is oligomeric with a 
molecular weight normally ranging from a few hundred to a few thousand.  
At room temperature, polyols can be liquid or solid (wax-like), depending on the molecular 
weight. Due to their aliphatic structure and low intermolecular interaction, particularly the 
abundant ether bonds, polyol molecules rotate and bend easily and are therefore soft 
materials. Consequently, the polyol sequence of polyurethane-segmented block copolymers is 
referred to as the soft segment. New polyol soft segment materials including polyalky, 
polydimethylsiloxane and polycarbonate have also been developed to fulfil the critical and 
specific requirements intrinsic to biomedical and industrial applications. The chemical 
structures of four types of representative polyols are illustrated in Figure 2.23 [187]. 
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Figure 2.23  Polyols used for the synthesis of polyurethanes. 
 
2.7.7.2 Isocyanate 
The most important isocyanate used in polyurethane manufacture is diisocyanate, containing 
two isocyanate groups per molecule. These two functional groups work to join together (by 
chemical reaction) two other molecules (polyol or chain extender) to form a linear chain. 
When the functionality is greater than two, a branch site is formed between the molecules, 
leading to network or crosslink formation. Diisocyanate can be either aromatic or aliphatic, as 
represented by 4,4'-diphenylmethane diisocyanate (MDI) and hydrogenized MDI (HMDI). 
Another equally important (or even more important in industry) diisocyanate compound is 
toluenemethyl diisocyanate, or TDI, which is also aromatic in nature. The chemical structures 
of these three types of diisocyanate compounds are shown in Figure 2.24[187].  
 
 
Figure 2.24 Diisocyanates used for the synthesis of polyurethanes. 
 
2.7.7.3 Chain Extender: Diamine or Diol? 
The direct reaction of polyol with diisocyanate produces a soft gum rubber with poor 
mechanical strength. The properties can be drastically improved by the addition of chain 
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extender. The role of the chain extender is to produce an “extended” sequence in the 
copolymer consisting of alternating chain extenders and diisocyanates. These extended 
sequences, or hard segments, act both as filler particles and physical crosslink sites to increase 
mechanical strength. A polyurethane-urea is obtained when a diamine is used while a 
polyurethane results when the diol is used. Two commonly used chain extenders are showed 
in Figure 2.25 
 
 
 
Figure 2.25 Chain extenders used for the synthesis of polyurethanes  
 
First, an isocyanate end-capped “prepolymer” is formed by the reaction of polyol with excess 
diisocyanate; then the chain is extended to high molecular weight through the reaction of 
residual isocyanate functionality with added chain extender. Commercial polyurethanes are 
usually prepared without solvent either by a similar two-step procedure forming first the 
prepolymer or by the so-called “one-shot” process in which all three monomers are mixed 
simultaneously. Alternatively, bulk polymerization can be accomplished by reaction injection 
molding (RIM), in which a stream of diisocyanate and one of polyol with chain extender is 
rapidly combined by impingement mixing directly before entering a mold cavity[187]. 
2.7.7.4 Catalysts 
Polyurethane catalysts can be classified into two broad categories, amine compounds and 
organometallic complexes. They can be further classified as to their specificity, balance, and 
relative power or efficiency. Organometallic compounds based on mercury, lead, tin 
(dibutyltin dilaurate), bismuth (bismuth octanoate), and zinc are used as polyurethane 
catalysts. Alkyl tin carboxylates, oxides and mercaptides oxides are used in all types of 
polyurethane applications. For example, dibutyltin dilaurate is a standard catalyst for 
polyurethane adhesives and sealants, dioctyltin mercaptide is used in microcellular elastomer 
applications, and dibutyltin oxide is used in polyurethane paint and coating applications. Tin 
mercaptides are used in formulations that contain water, as tin carboxylates are susceptible to 
degradation from hydrolysis[185].  
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2.9 Sol-gel 
The sol-gel process, also known as a chemical solution deposition, is a wet-chemical 
technique widely used in the fields of materials science and ceramic engineering. Such 
methods are used primarily for the fabrication of materials (typically a metal oxide) starting 
from a chemical solution (or sol) that acts as the precursor for an integrated network (or gel) 
of either discrete particles or network polymers. Typical precursors are metal alkoxides and 
metal chlorides, which undergo various forms of hydrolysis and polycondensation 
reactions[24,188,189]. 
The precursor sol can be either deposited on a substrate to form a film (e.g., by dip coating or 
spin coating), cast into a suitable container with the desired shape (e.g., to obtain monolithic 
ceramics, glasses, fibers, membranes, aerogels), or used to synthesize powders (e.g., 
microspheres, nanospheres). The sol-gel approach is a cheap and low-temperature technique 
that allows for the fine control of the product’s chemical composition. Even small quantities 
of dopants, such as organic dyes and rare-earth elements, can be introduced in the sol and end 
up uniformly dispersed in the final product. It can be used in ceramics processing and 
manufacturing as an investment casting material, or as a means of producing very thin films 
of metal oxides for various purposes. Sol-gel derived materials have diverse applications in 
optics, electronics, energy, space, biosensors, medicine (e.g., controlled drug release), reactive 
material and separation (e.g. chromatography) technology [24, 189]. 
The interest in sol-gel processing can be traced back to the mid-1980s with the observation 
that the hydrolysis of tetraethyl orthosilicate (TEOS) under acidic conditions led to the 
formation of SiO2 in the form of fibers and monoliths. Sol-gel research grew to be so 
important that in the 1990s more than 35,000 papers were published worldwide on the 
process[24, 190,191]. 
The sol–gel process is a method for preparing inorganic polymers at a low temperature [192]. 
By using the sol–gel process, we could combine organic substances that would decompose at 
a relatively low temperature with highly heat-resistant inorganic substances. As a new class of 
materials, organic–inorganic sol–gel composite materials are synthesized through the 
synergistic combination of organic and inorganic polymers via a sol– gel process[190, 191, 193,194] 
. These materials combine the advantages of organic polymers, such as flexibility, toughness, 
and ease of processing, with those of inorganic polymers, such as high-heat resistance and 
good mechanical and optical properties. Presently, two kinds of organic–inorganic hybrid 
materials are being investigated. In the first kind, the organic polymer is the dominant phase, 
and the inorganic component is the modifier (i.e., inorganic modification of an organic 
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polymer). The second involves the organic modification of an inorganic polymer. In either 
case, the interfacial interaction between the organic and inorganic phases plays a major role in 
controlling the microstructures and properties of the composite materials. Chujo et al. [195,196] 
reported that the hybrids of an inorganic silica network with organic polymers, which could 
form hydrogen bonding between the inorganic and organic components, produced 
homogeneous and transparent glassy materials. In addition, the organic–inorganic hybrids that 
form a covalent bond between the organic and inorganic phases have been actively studied by 
many investigators [197,198,199]. 
Metal alkoxides are members of the family of organometallic compounds, which are organic 
compounds that have one or more metal atoms in the molecule. Metal alkoxides (R-O-M) are 
like alcohols (R-OH) with a metal atom, M, replacing the hydrogen H in the hydroxyl group. 
They constitute the class of chemical precursors most widely used in sol-gel synthesis. The 
formation of a metal oxide involves connecting the metal centers with oxo (M-O-M), 
therefore, generating metal-oxo polymers in solution [192]. 
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Scheme 2.7 Schematic representation of the sol-gel process for silicon and titanium alkoxides. 
A well-studied alkoxide is silicon tetraethoxide, or tetraethyl orthosilicate (TEOS). The 
chemical formula for TEOS is given by: Si(OC2H5)4, or Si(OR)4 where the alkyl group R = 
C2H5. Alkoxides are ideal chemical precursors for sol-gel synthesis because they react readily 
with water. The reaction is called hydrolysis, because a hydroxyl ion becomes attached to the 
silicon atom as follows: [188, 189] 
Si(OR)4 + H2O → HO-Si(OR)3 + R-OH 
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Depending on the amount of water and catalyst present, hydrolysis may continue to 
completion, so that all of the OR groups are replaced by OH groups, as follows: 
Si(OR)4 + 4 H2O → Si(OH)4 + 4 R-OH 
Any intermediate species [(RO)2Si(OH)2] or [(RO)3–Si-(OH)] would be considered the result 
of partial hydrolysis. In addition, two partially hydrolyzed molecules can link together in a 
condensation reaction to form a siloxane [Si–O–Si] bond: 
(RO)3–Si-OH + HO–Si-(OR)3 → [(OR)3Si–O–Si(OR)3] + H-O-H 
or 
(RO)3–Si-OR + HO–Si-(OR)3 → [(OR)3Si–O–Si(OR)3] + R-OH 
Thus, polymerization is associated with the formation of a 1, 2, or 3- dimensional network of 
siloxane [Si–O–Si] bonds accompanied by the production of H-O-H and R-O-H species. By 
definition, condensation liberates a small molecule, such as water or alcohol. This type of 
reaction can continue to build a larger and larger silicon-containing molecule by the process 
of polymerization. Thus, a polymer is a huge molecule (or macromolecule) formed from 
hundreds or thousands of units called monomers. The number of bonds that a monomer can 
form is called its functionality. Polymerization of silicon alkoxide, for instance, can lead to 
complex branching of the polymer, because a fully hydrolyzed monomer Si(OH)4 is 
tetrafunctional (can branch or bond in 4 different directions). Alternatively, under certain 
conditions (e.g., low water concentration) fewer than 4 of the OR or OH groups (ligands) will 
be capable of condensation, so relatively little branching will occur. The mechanisms of 
hydrolysis and condensation, and the factors that bias the structure toward linear or branched 
structures are the most critical issues of sol-gel science and technology [24, 200,24,201]. 
The efforts of material scientists result from the potential advantages of the sol-gel process for 
material synthesis, which can be summarized as follows: [188, 189] 
• It provides an easy way to purify precursors. 
• It provides an easy way to get homogeneous distributions of precursors, 
• It provides an easy way to introduce trace elements, 
• It allows the use of chemistry to control reactions, 
• It allows the formation of all preinorganic networks in solution, 
• It allows the introduction of permanent organic grouping in solution (thus leading to 
inorganic-organic hybrid materials), 
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• It allows the demilication to inorganic solids at comparatively low temperatures (due 
to the pre-networks), 
• It allows the adjustment of appropriate viscosities for coatings, 
• It allows the preparation of new glass compositions (due to low temperature 
processing thus avoiding high crystalline rate ranges), 
• It allows the synthesis of active ceramic powders. 
Those potentials led to numerous endeavours to enhance applications. A comprehensive 
survey is given in [190, 192]. Of course, there are a lot of restrictions with respect to applications: 
cost of precursors, difficulties in the synthesis of monoliths, and last but not least, the 
difficulties in chemistry with respect to tailoring properties, to reproducibility or to 
processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.26 Schematic description of importance of Sol-gel processing. [188, 189] 
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2.9.1  Applications of Sol-Gel process 
2.9.1.1 Protective Coatings 
The applications for sol gel-derived products are numerous [24, 189, 202,203]. One of the largest 
application area is thin films, which can be produced on a piece of substrate by spin coating or 
dip coating. Protective and decorative coatings, and electro-optic components can be applied 
to glass, metal and other types of substrates with these methods. Cast into a mold, and with 
further drying and heat-treatment, dense ceramic or glass articles with novel properties can be 
formed that cannot be created by any other method. Other coating methods include spraying, 
electrophoresis, inkjet printing or roll coating [189]. 
2.9.1.2 Thin Films and Fibers 
With the viscosity of a sol adjusted into a proper range, both optical and refractory ceramic 
fibers can be drawn, which are used for fiber-optic sensors and thermal insulation, 
respectively. Thus, many ceramic materials, both glassy and crystalline, have found use in 
various forms from bulk solid-state components to high surface area forms such as thin films, 
coatings and fibers [24, 189]. 
2.9.1.3 Nanoscale Powders 
Ultra-fine and uniform ceramic powders can be formed by precipitation. These powders of 
single and multiple component compositions can be produced on a nanoscale particle size for 
dental and biomedical applications. Composite powders have been patented for use as 
agrochemicals and herbicides. Powder abrasives, used in a variety of finishing operations, are 
made using a sol-gel type process. One of the more important applications of sol-gel 
processing is to carry out zeolite synthesis. Other elements (metals, metal oxides) can be 
easily incorporated into the final product and the silicate sol formed by this method is very 
stable [189]. 
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3. Results and Discussion 
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3.1 Chapter 1. Characterization of Hyperbranched Aliphatic-Aromatic and Aromatic 
Polyesters 
3.1.1 Synthesis and Characterization of Work-Relevant Polymer Systems 
Hyperbranched polyesters are already known in a large structural diversity, ranging from 
mixed aromatic to aliphatic- aromatic polymer systems [2,5,7,9,204].  
This chapter focuses on the determination of the chemical and physical properties of aromatic 
hyperbranched polyester aHBP(OH) and aliphatic-aromatic hyperbranched polyesters 
aaHPB(OH) having the same backbone structure and containing different functional groups. 
Nuclear Magnetic Resonance (NMR) was used to determine the chemical composition and 
purity of the HBPs in solution.  
Additionally, Fourier Transforms Infrared (FTIR) spectroscopy was applied to reveal the 
typical structure elements of the HBPs in a solid state (films). The glass transition (Tg) 
temperature, the temperature of the maximum decomposition TDTG and the thermal stability of 
HBPs at the temperature above their Tg were characterized by Differential Scanning 
Calorimetry (DSC) and Thermo-Gravimetric Analysis (TGA).   
The determination of molar mass and polydispersity of the HBPs was done by Size Exclusion 
Chromatography (SEC). The results obtained with SEC using polystyrene as a standard show 
too low molar masses due to the very compact structure of HBPs in a dissolved state. 
Therefore, the SEC coupled with the refractive index (RI), and the light scattering detector 
(MALLS) was applied to achieve absolute molar masses along the separation process and 
taking into account the actual compactness of dissolved HBP molecules.  
According to the purposes of the present work, we will synthesis hydroxyl hyperbranched 
polyester with a different constitution (aromatic, aliphatic-aromatic) and modification of the 
hydroxyl group is described in the following chapters with regard to the structure of their 
polymer backbone.  
The hyperbranched polyesters were synthesized firstly by melt polycondensation in a vacuum 
to yield higher molecular weights [2,5]. Besides, the influence of reaction temperature and the 
catalyst, the quality of the vacuum has a significant influence on the molecular weight of the 
polymer. Temperature variations in the reaction mixture can lead to a rising in viscosity 
and/or variations in a vacuum and make it difficult for adjusting molar masses. Furthermore, 
by the high reaction temperatures, chemical side reactions such as chemical crosslinks can be 
induced. 
On the other hand, the solution polymerization has been used, generally in one stage, with an 
acid-activating and dehydrating coupling reagent (carbodiimide) under mild conditions 
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(ambient temperature, pH-neutral, and inert gas atmosphere). Due to the mild preparation 
conditions, side reactions can be avoided, which can be formed in the melt polycondensation  
Most studies of the HBPs are focused on their synthesis. However, since the physical 
properties of HBPs under application crucially depend on the purity, the average molar mass, 
polydispersity, and thermal stability, the aim of the work described in this Chapter was to 
determine these parameters for the hyperbranched aromatic polyesters with the same 
backbone structure and different terminal groups.  
3.1.2 Synthesis and Characterization of AB2 hb polyesters 
In this study, two different hyperbranched polymers were used, aliphatic-aromatic 
hyperbranched polyester (modified and unmodified) and aromatic hyperbranched polyester 
(modified and unmodified) systems based on AB2 were synthesized and investigated. The 
first one, AB2 aliphatic-aromatic polyester was prepared by melt as well as solution 
polycondensation of the well-know AB2 monomer 4,4’-bis-(4’’-hydroxyphenyl) pentanoic 
acid. Investigation on polymerization of the AB2 monomer and modification of the end 
groups of the AB2 hb polyesters were also carried out. 
3.1.2.1 Aliphatic-Aromatic Hyperbranched Polyester 
Hawker et al. was the first to develope a pathway for aliphatic-aromatic polyester (aaHPOH) 
based on 4,4-bis-(4'-hydroxyphenyl) valeric acid and Cobalt (II) acetate as a catalyst[205]. In 
the present  study, the aliphatic-aromatic-AB2 monomer (4,4-bis-(4'-hydroxyphenyl valeric) is 
used in the melt [103, 206] with dibutyltin as a catalyst and in solution [69] under mild 
polymerization conditions (scheme 3.7). 
As the melt polycondensation for the preparation of polymers has already described and 
discussed in many ways and also in more details [5, 103,207,69,104,204,206,208]. However, the 
polycondensation in solution under mild preparation conditions for hyperbranched polyesters 
architectures represents a novel pathway synthesis [103] and therefore, discusses in detail in the 
following.  
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Scheme 3.8 Synthetic routes for the preparation of aliphatic-aromatic hyperbranched polyesters 
aaHBP(OH) based on 4,4-bis-(4'-hydroxyphenyl) valeric acid: Path I: melt polycondensation at high 
temperatures, path II: solution polycondensation under mild conditions. 
As polymers prepared by the melt polycondensation method described earlier showed several 
disadvantages (low control over the degree of polymerization, multistep synthesis, and high 
temperature), we were searching for a suitable alternative for their synthesis. A promising 
reaction was the solution polycondensation at mild conditions applied for linear and for 
hyperbranched polyester [209,210]. Therefore, we explored the potential of this synthetic method 
and optimized the conditions for the polycondensation of 4,4-bis-(4'-hydroxyphenyl) valeric 
acid varying different parameters as listed in Table 3.9. 
First, Moore and Stupp were a primer of describing the synthesis of linear polyesters with N, 
N'- diisopropylcarbodiimide (DIPC) as coupling agent and 4-(dimethylamino)-4-
toluenesulfonate (DPTS) as catalyst for the suppression of side reactions in dichloromethane 
reaction [120]. About 10 years later this procedure was studied for  photo and thermolabile 
hyperbranched poly (triazenester), whereby the weight average molecular weights (Mw) 
ranging from about 10,000 g /mol were obtained [211]. In the present study, this 
polycondensation varied, the 4,4-bis-(4'- hydroxyphenyl) valeric acid-adapted and molecular 
weight optimized (Table 3.9). The following experimental parameters were systematically 
varied: a) type of coupling agents (N,N'-dicyclohexylcarbodiimide (DCC), N, N'-
carbonyldiimidazole (CDI) and N, N'-diisopropylcarbodiimide (DIPC)), b) solvent                
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(dimethylformamide, dichloromethane/pyridine), c) catalysts (4-(dimethylamino)-4-
toluenesulfonate (DPTS), to suppress the formation of byproducts for example, N-acylurea. 
Systematic variation of different condensing agents (DCC, CDI, and DIPC) and solvents 
(DMF, CH2Cl/pyridine) showed that the combination of DCC with DPTS as a catalyst 
dissolved in anhydrous DMF leads to the highest molecular weight of 56,800 g/mol with a 
moderate yield of 70%. In common melt polycondensation reactions, the degree of 
polymerization is mainly affected by temperature, quality, and duration of the applied vacuum 
and therefore the control over the degree of polymerization is difficult. In contrast to the melt, 
the polymerization in solution under the applied conditions is mainly influenced by the 
reaction time corresponding to a certain polymerization degree as confirmed by SEC and 
NMR. The optimal ratio of DMAP to PTSA was found to be nearly 1: l. If the quantity of 
PTSA exceeded this level, a complex mixture of products was obtained. Moreover, if DMAP 
was replaced by pyridine in an equimolar ratio of this amine to PTSA, a complex reaction 
mixture was also obtained. Furthermore, successful suppression of this side reaction favors 
polymerization and consequently, high-molecular weight products are achieved. 
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Figure 3.27 Reaction mechanism of the carbodiimides condensation. [120] 
The mechanism of carbodiimide condensation reactions is believed to involve the O-
acylisourea intermediate (B) shown in Figure 3.27. This intermediate can follow several 
possible reaction pathways. Intramolecular oxygen to nitrogen acyl group transfer accounts 
for the formation of the N-acylurea (C) (Path, I). Bimolecular reaction between the O-
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acylisourea (B) and a second carboxylic acid leads to the formation of the acid anhydride (E) 
and urea (D) (Path, II). The extent of N-acylurea (C) relative to anhydride in the absence of 
other nucleophilic species is known to depend strongly on solvent, pKa of the carboxylic acid, 
and pH of the reaction medium. At lower pH values N-acylurea (C) formation is known to be 
suppressed. DMAP is well-known to be an outstanding catalyst for the acylation of phenols 
and alcohols by acid anhydride. Thus, one may envision that esterification (H) proceeds 
through the acid anhydride (E) as shown in Figure 3.27, path II. Alternatively, it is possible to 
postulate that DMAP is effective at capturing the O-acylisourea (B) as the active N-
acylpyridinium intermediate (G) (Figure 3.27, path III). Formation of (G) from (B) involves a 
series of proton-transfer steps and is accompanied by the generation of urea (F). The 
importance of acid catalysis may simply be to facilitate these proton-transfer steps leading to 
the N-acylpyridinium species (G). Reaction of (G) with a nucleophile such as a phenol 
produces the ester and N,N-dimethylpyridinium (H), ready again for another catalytic cycle 
(see Figure 3.27). From that the reaction mechanism becomes clear, the irreversible 
rearrangement to N-acyl urea (C) must be effectively inhibited to reach a yield> 98%, and 
thus higher molecular weight of hyperbranched polyesters can be reached [120]. 
The solution polycondensation leads to a 100% phenol terminated polymer without the need 
of cleavage of protective or activation groups in an additional reaction step. This is a clear 
advantage, because this cleavage procedure could lead to simultaneous degradation of ester 
backbones and thus, conditions have to be used, which often do not allow achieving the 
complete formation of phenolic end groups. Furthermore, side reactions like crosslinking are 
not favored due to mild reaction conditions (low temperature and neutral pH). Traces of 
moisture can be tolerated because the activated intermediate can be regenerated with an 
excess of coupling agent. It should be noted that during preparation of the polymers 
(dissolution, precipitation, and filtration) possible fractionation of the polymer could take 
place, which may influence the yield, the molecular weight, and the molecular weight 
distribution considerably (Table 3.9). 
The preparative advantage for both polymerization (polycondensation in Melt or in solution) 
lies in the fact that the commercially available AB2 Monomer (4,4-bis (4'-hydroxyphenyl 
valeric acid) can be fully converted without the introduction of activating groups directly to 
hydroxyl-terminated polyester aaHBP(OH) in good yields (up to 80%) . Even larger batches 
(up to 50 g) were easily achieved with synthetic variants. 
In the comparison to the classical melt polycondensation at high temperatures, solution 
polycondensation has the significant advantage of mild reaction conditions. For this reason, 
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temperature-induced side reactions (e.g. elimination reaction, rearrangement of 
lactones)[206,208] or potential cross-linking reactions are avoided. Side reactions, e.g. the 
formation of cycles that can occur more frequently at a strong dilution have no significant role 
under these reaction conditions[58]. It was also shown in this synthetic method that the 
molecular weights can be adjusted easily and reproducibly, as strong variation in reaction 
parameters such as the quality of the vacuum, high temperatures and the quality of mixing 
with the limited scales (Table 3.9). 
3.1.2.1.1 Modification of Aliphatic-Aromatic Hyperbranched Polyester 
Partially ethoxysilyl-modified, which allowed to introduce some alkoxysilane functional 
groups, hyperbranched aliphatic-aromatic polyesters (HBPs) were effectively used as  multi-
site coupling agents in the preparation of organic-inorganic UV-thermal dual-cured 
epoxy/TEOS coatings and in the preparation of nanocomposite materials based on TiO2 
nanoparticles. Since only partial modification was attempted, the (3-isocyanatopropyl) 
triethoxysilane was added as the minor component with respect to the number of OH end 
groups of the HBP-OH. Thus, a modification degree of 10-60% was obtained as determined 
by 1H NMR. Modification of the aliphatic-aromatic hyperbranched polyester can lead to a 
change in the thermal properties which will be increased due to the modification with 
different amount of 3-isocyanatopropyl) triethoxysilane and it will discussed later. 
 
 
Scheme 3.9 Modification reaction of aaHBP-OH leading to the synthesis of different percent of 
modified polyesters aaHBP-P1a-c. 
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3.1.2.2 Aromatic Hyperbranched Polyester  
During the melt polycondensation of the hb aromatic polyesters quite complex parameters 
have to be considered: 3,5-bis(trimethylsiloxy) benzoyl chloride, which was prepared 
according to Fréchet and coworkers, [73] was found to be extremely sensitive to ambient 
moisture and had to be carefully handled and purified using dry conditions to obtain a high 
conversion. Furthermore, the polymerization temperature significantly affects the degree of 
polymerization. Polymerization carried out at temperatures above 200°C often resulted in 
only partly soluble, very dark products. On the other hand, reduction of the polymerization 
temperature below 180°C slows down the reaction considerably but leads to soluble and 
colorless polymers with high-molecular weight. 
Furthermore, the quality and duration of the vacuum, which are applied toward the end of the 
reaction to remove trimethylsilyl chloride, have the strongest effect on the molecular weight. 
In general, the last stage of the reaction is actually a solid-state polymerization and stirring of 
the reaction mixture is no longer possible. 
The polymerization of 3,5-diacetoxybenzoic acid, which was prepared according to Turner 
and coworkers [66] shows similar characteristics as described earlier. The reaction temperature 
used for this type of acidolysis polycondensation is usually higher than the one used for the 
acid chloride monomer, due to lower reactivity[58]. The condensation reaction is very slow 
below 170°C, but no polymerization can be observed at temperatures above 250°C. The color 
and solubility of the resulting polyester are much less sensitive to the purity of the monomer 
as well as to moisture impurities. However, due to the required high temperature, partly 
crosslinked or colored products from side reactions are typical phenomena in melt 
polycondensation. For instance, the formation of ethers or lactones as side products during 
melt polymerization were reported [114,115]. 
For both synthetic pathways (Fréchet and coworkers [73] and Turner and coworkers [66]), the 
protective groups have to be cleaved in an additional step, when a fully hydroxyl terminated 
polymer is desired. As polymers prepared by the melt polycondensation method described 
earlier showed several disadvantages (low control over the degree of polymerization, 
multistep synthesis, and high temperature), we were searching for a suitable alternative for 
their synthesis. A promising reaction was the solution polycondensation at mild conditions 
applied for linear and for hyperbranched polyester [63,211]. Therefore, we explored the potential 
of this synthetic method and optimized the conditions for the polycondensation of 3,5-
bishydroxybenzoic acid (1) varying different parameters as listed in Table 3.9. 
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A synthetic method is developed [103], described in this section 3.1.2.1; the described principle 
is based on solution polycondensation. In this regard, AB2 monomer was implemented 
directly and with introduction of activating groups with a dehydrating coupling agent 
(carbodiimide) at mild reaction conditions. Besides the simple preparative method, it proved 
to be advantageous because of mild reaction conditions with respect to temperature-induced 
side reactions (elimination, cross-linking reactions). Hyperbranched aromatic polyesters with 
hydroxyl weight-average molecular weights (Mw) reached up to 56,000 g / mol with good 
yield (55%) with this simple synthetic route (Table 3.9). Cyclization reactions, which can 
occur at a high dilution, play no significant role in this case [58,94].  
 
Scheme 3.10 Schematic representation of the solution polycondensation of aromatic hyperbranched 
polyester aHBP(OH) 
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3.1.2.2.1 Modification of Aliphatic-Aromatic Hyperbranched Polyester 
 
 
Scheme 3.11 Modification reaction of aHBP(OH) leading to the synthesis of modified aromatic 
hyperbranched polyester aHBP-P1a-b. 
Partially modified of aromatic hyperbranched polyester have been prepared by introducing 
some alkoxysilane functional groups which will be used in the preparation of nanocomposite 
materials based on TiO2 nanoparticles. Since only partial modification was attempted, the 3-
isocyanatopropyl) triethoxysilane was added as the minor component with respect to the 
number of OH end groups of the aHBP-OH. Thus, a modification degree of 10-20% was 
obtained as determined by 1H NMR. Modification of the aromatic hyperbranched polyester 
can lead to a change in the thermal properties which will be increased due to the modification 
with different amount of 3-isocyanatopropyl) triethoxysilane and it will discussed later. 
 
 
 
 
 
 
Results and Discussion                                                                                  71 
3.1.3 Characterization  
3.1.3.1 NMR Analysis 
The clarifying of the structure of polymer by NMR spectroscopy is necessary nowadays. For 
the solution polymerization, it was important to separate the product from its contaminants, 
such as urea derivatives, unreacted carbodiimide and acylation catalyst (DPTS), too. Such 
contaminants can affect the purity of the polymer and hence affect e.g the glass transition 
temperature in thin films, and SEC. The separations of impurities occurred by precipitation in 
water, n-hexan and methanol and for every precipitant make a solvation of polymer by THF 
are strongly recommended for purification. Figure 3.28 show the 1H NMR spectrum 
aaHBP(OH) prepared in solution polymerization. The spectrum confirms the assumed 
structural composition and shows that except for marginal residual solvent (THF), which can 
be removed through adequate increasing temperature, giving a clean product. 
In the 1H, NMR spectrum (Figure 3.28 and 3.29) in DMSO-d6 it is possible to distinguish 
phenolic protons of T- and L-units. Furthermore, the acidic protons can be observed. The 
aromatic part of the spectrum is characterized by three spectral regions with a complex signal 
overlapping. In addition, the methylene proton signals overlap between 2.2 and 2.6 ppm. An 
accurate determination of the structure ratio is impossible from these regions, even for high-
molecular-weight products. However, the methyl signals for T, L and D units are separated 
well. Obviously, 500 MHz-1H NMR spectra cannot be used for a complete quantitative 
structure analysis of our polymers. However, it is possible to calculate the degree of 
branching. The signal at 1.97 ppm can be assigned to the proton H2 of the focal group (1T, 1L 
and 1D). Since only one focal group per polymer is present, and no cyclization has been 
observed as side reaction. 
A summary of the characterization data of all of hb polyesters based on the AB2 monomer is 
shown in Table 3.9. Fully soluble aliphatic-aromatic AB2 hb polyesters with glass transition 
temperatures (Tg ~90 °C) were obtained. Polymers with a DB of about 50 % in high yield 
~70 % were achieved. Detail information about the characterizations of these hb polyesters 
are given in the following chapters. The 1H-NMR spectra of the polyesters together with the 
chemical shift assignments is shown in Figures 3.28 and 3.29. As shown, it was possible to 
distinguish the protons of the -CH3 groups at 1.49-1.62 ppm. The signal of CH2CH2COOH 
was not well separated from that of water, which resonated at 3.32 ppm. The T (-OH) and L (-
OH) groups resonated at 9.16 and 9.22 ppm, respectively. 
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Figure 3.28 1H-NMR spectrum of aaHBP(OH)-P4 prepared by solution polymerization measured in 
DMSO-d6 
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Figure 3.29 1H-NMR spectrum of aaHBP(OH)-P1 prepared by melt polymerization measured in 
DMSO-d6 
Degree of Branching (DB)  
Molecular weight, polydispersity (PDI), and functionality are three major parameters in 
hyperbranched polyesters HBPs. DB is a special and important parameter, which can be used 
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to analyze differences in the structure and can be calculated from 1H-NMR spectrum by 
comparison of the integrals of the different units (D, T, and L) in the HBPs (see Section 
2.1.3). The DB values of the aliphatic-aromatic hyperbranched polyester aaHBP(OH) and 
aromatic hyperbranched polyester aHBP(OH) were calculated with the Frey and Frechet 
equations [73,74,75,76,104,212] and the data are reported in Table 3.9. In Figure 3.28 the proton 
signals are separated from each other for the individual structural units (linear, dendritic, 
terminal) and therefore, can be used to calculate the degree of branching [213]. Evaluation of 
the degree of branching varies by a different method. 
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Figure 3.30  Magnification of the methyl region of 1H-NMR Spectra of aliphatic aromatic 
hyperbranched polyester aaHBP(OH)-P6 to aaHBP(OH)-P12 (0.5-24 h) in DMSO-d6  
Figure 3.30 shows the magnified methyl region of the 1H-NMR spectra of the aaHBPs in 
DMSO-d6 with DB values which increased with increasing reaction time. Aliphatic-aromatic 
hyperbranched polyester aaHBP(OH)-P6 can be obtained even at 0.5 h with DB=45 % and 
the molar mass Mn approach to 6000 g/mol. With increasing reaction time to 24h, DB 
increased to 50.7% and the molar mass reached to 14800 g/mol. The glass transition 
temperature (Tg) increased slightly from 95 to 100°C but there was a significant increasing in 
the thermal stability (TGA) of aliphatic-aromatic hyperbranched polyesters from 347°C to 
397°C (see Table 3.9). 
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Table 3.9 Characterization data of the AB2 hb polyesters. 
a. determined from NMR signal intensities of corresponding to methyl group, relative error: 10 %; calculation was done according to the reported method; b Determined by SEC measurements with light scattering detection      
c. values determined by thermal gravimetric analysis (TGA) measurements under nitrogen;. x=It was not possible to determine the molar mass of the obtained polymer because of interaction with the GPC column. y= It was not 
possible to determine the molar mass of these polymers by NMR because of higher molar mass. d. melt polymerization according to Weberskirch  [68]  e . modification reaction according to Sangermano [146]                                  
f. solution polymerization according to Schallausky [123]  .        
Sample 
Aliphatic-
aromatic hp 
Synthesis conditions Degree 
of mod. 
% 
Mna 
(g/mol) 
NMR 
Mnb 
(g/mol) 
GPC 
Mw 
(g/mol) 
GPC 
PDI 
             DB % 
Tg 
(°C) 
T10
(°C) 
Tmaxc  
(°C) 
Frey Frechet 
aaHBP(OH)-P1 4h 215°C Ar; 4h Vac.d -- 1800 1100 2800 2.5 52 53 60 286 349 
aaHBP(OH)-P1a 1g aaHBP(OH)-P1+THF, 0.092 g IPTES, Ar 2h 40°C, n-hexanee 10 2300 2400 4000 1.7 -- -- 79 279 373 
aaHBP(OH)-P1b 1g aaHBP(OH)-P1+THF, 0.276 g IPTES, Ar 2h 40°C, n-hexanee 25 2350 x x -- -- -- 83 279 383 
aaHBP(OH)-P1c 1g aaHBP(OH)-P1+THF, 0.55 g IPTES, Ar 2h 40°C, n-hexanee 60 2500 x x -- -- -- 85 287 413 
aaHBP(OH)-P2 3h 215°C Ar; 3h Vac. d -- 1500 550 1800 3.2 48 50 54 270 338 
aaHBP(OH)-P2a 1g aaHBP(OH)-P2+THF, 0.023 g IPTES, Ar 2h 40°C, n-hexanee 2.5  1760 x x -- -- -- 67 272 375 
aaHBP(OH)-P2b 1g aaHBP(OH)-P2+THF, 0.046 g IPTES, Ar 2h 40°C, n-hexanee 5  1900 x x -- -- --- 72 267 377 
aaHBP(OH)-P2c 1g aaHBP(OH)-P2+THF, 0.092 g IPTES, Ar 2h 40°C, n-hexanee 10  2000 x x -- -- --- 99 266 380 
aaHBP(OH)-P2d 1g aaHBP(OH)-P2+THF, 0.34 g IPTES, Ar 2h 40°C, n-hexanee 37  2500 x x -- -- -- 99 270 387 
aaHBP(OH)-P3 DIPC, DPTS, DMF 24hf -- 5600 6000 9800 1.8 52 54 52 202 312 
aaHBP(OH)-P3a 1g aaHBP(OH)-P3+THF, 0.21 g IPTES, Ar 2h 40°C, n-hexanee 23 6300 x x -- -- -- 110 200 380 
aaHBP(OH)-P3b 1g aaHBP(OH)-P3+THF, 0.33 g IPTES, Ar 2h 40°C, n-hexanee 36 6400 x x -- --- -- 105 192 383 
aaHBP(OH)-P4 DCC, DPTS, DMF 24hf -- y 14800 90600 6.2 51 53 98 200 337 
aaHBP(OH)-P4a 1g aaHBP(OH)-P4+THF, 0.24 g IPTES, Ar 2h 40°C, n-hexanee 27 y 6100 61200 10 -- -- 108  180 384 
aaHBP(OH)-P4b 1g aaHBP(OH)-P4+THF, 0.32 g IPTES, Ar 2h 40°C, n-hexanee 35 y 6700 55200 8,28 -- -- 109  187 393 
aaHBP(OH)-P4c 1g aaHBP(OH)-P4+THF, 0.69 g IPTES, Ar 2h 40°C, n-hexanee 75 y x x -- -- -- 114  185 402 
aaHBP(OH)-P5  DCC, DPTS, DMF 24hf, Methanol  -- y 10000 19300 1.92 51 52 90 225 340 
aaHBP(OH)-P5a 1g aaHBP(OH)-P5+THF, 0.1 g IPTES, Ar 2h 40°C, n-hexanee 10 y 11800 21400 1.81 -- -- 105 232 450 
aaHBP(OH)-P5b 1g aaHBP(OH)-P5+THF, 0.2 g IPTES, Ar 2h 40°C, n-hexanee 20 y 11900 24500 2.06 -- -- 110 200 457 
aaHBP(OH)-P5c 1g aaHBP(OH)-P5+THF, 0.3 g IPTES, Ar 2h 40°C, n-hexanee 30 y 13100 31200 2.38 -- -- 130 202 410 
aaHBP(OH)-P6   DCC, DPTS, DMF, Ar 0.5hf -- y 6200 15500 2.5 45.1 50.3 81 233 347 
aaHBP(OH)-P7 DCC, DPTS, DMF, Ar  1hf -- y 6400 15300 2.4 45.2 50.8 90 233 350 
aaHBP(OH)-P8 DCC, DPTS, DMF, Ar  2hf -- y 9800 44700 4.6 45.7 51.0 95 221 347 
aaHBP(OH)-P9 DCC, DPTS, DMF, Ar  3hf -- y 11300 48900 4.3 46.8 51.7 98 255 349 
aaHBP(OH)-P10 DCC, DPTS, DMF, Ar  4hf -- y 12200 51600 4.3 47.4 52.0 98 240 350 
aaHBP(OH)-P11 DCC, DPTS, DMF, Ar  8hf -- y 11800 58300 4.9 49.6 53.0 98 232 391 
aaHBP(OH)-P12  DCC, DPTS, DMF, Ar  24hf -- y 15800 90000 5.6 50.7 53.2 100 233 397 
Aromatic hp 
aHBP(OH)-P1 DCC, DPTS, DMF, Ar  24hf  y 1600 1900 1.2 55 60 155 153 314, 387 
aHBP(OH)-P1a 1g aHBP(OH)-P1+THF, 0.18 g IPTES Ar 2h 40°C, n-hexanee 10 y 15800 23300 3.5 -- -- 160 155 320, 535 
aHBP(OH)-P1b 1g aHBP(OH)-P1+THF, 0.36 g IPTES Ar 2h 40°C, n-hexanee 25 y x x -- -- -- 180 180 319, 537 
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3.1.3.1.1 Modification of the aaHBP(OH) with (3-isocyanatopropyl) triethoxysilane 
Partially ethoxysilyl-modified aaHBP(OH) allowed to introduce some alkoxysilane functional 
groups by reacting with different percent of (3-isocyanatopropyl) triethoxysilane. The 
structural information of the resulting modified aliphatic-aromatic AB2 hb polyester 
aaHBP(OH)-P1a-c was provided by 1H-NMR measurements (Figures 3.31 and 3.32). The 
assignments of the signals from different units were done according to those described by 
Sangermano et al.[19]. The signals from the protons of silane group at (δ= 1.4-1.3 (CH2-
*CH2-CH2-Si), 1.16-1.05 [Si-(OCH2*CH3)3], 0.5-0.42 (CH2-CH2-*CH2-Si) are shown in 
Figures 3.33 and 3.34. 
Degree of modification was calculated to be of respectively 10%, 25% and 60% (evaluation 
of the 1H NMR signals at 3.8-3.7 due to the methylene groups in the ethoxysilane and 1.63-
1.52 due to the methyl groups in the ethoxysilane) as shown in Table 3.9. 
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Figure 3.31 1H spectra of modified polymers aaHBP(OH)-P1a-c based on P1 prepared by melt 
polycondensation (measured in DMSO-d6) 
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Figure 3.32 1H spectra of modified polymers aaHBP(OH)-P1a-c based on P1 prepared by melt 
polycondensation (measured in DMSO-d6) 
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Figure 3.33 1H-NMR spectra of modified polymers aaHBP(OH)-P4a-c based on P4 prepared by 
solution polymerization measured in DMSO-d6 
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Figure 3.34 1H-NMR spectra of modified polymers aaHBP(OH)-P4a-c based on P4 prepared by 
solution polymerization measured in DMSO-d6 
3.1.3.1.2 NMR Measurements of aromatic hyperbranched polyester aHPB-OH 
The 1H-NMR spectra of hydroxyl terminated aromatic hyperbranched polyester (aHBP-OH) 
prepared from solution polymerization used in this study are shown in Figure 3.35  
From the spectrum (Figure 3.35a) the contamination of the received bulk polymer with 
dicyclohexylcarbodiimide (DCC) groups resulting from the synthesis using 3,5-
dihydroxybezoic acid with DPTS in DMF by solution polymerization. Since these groups can 
affect the surface properties of films prepared from this polymer, it was dissolved in THF 
containing 2.5 N hydrochloric acid and kept under nitrogen over night in order to hydrolyze 
the DCC groups. A decrease of the DCC and monomer amounts was determined. The 1H-
NMR spectrum of the purified aHBP-OH bulk polymer is shown in Figure 3.35b. Proton 
signals of the aromatic region were found between 7 and 9 ppm confirming the expected 
chemical composition and branched structure of the compound.  
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Figure 3.35 1H-NMR spectra of aHBP-OH before (a) and after purification (b) measured in DMSO-d6. 
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The structural information of the resulting AB2 hb polyester was provided by 1H-NMR 
measurements (Figure 3.36). The assignments of the signals from different sub-units (t-
terminal units, l-linear units and d-dendritic units) were done according to those described by 
Schmaljohann[69]. The signals from the protons of aromatic ring (δ= 7.6-8.25, 7.3-7.58 and 
ppm) were used for the calculation of DB according to the methods of Fréchet and 
Frey[73,74,75,76]. Signals at δ= 7.6-8.25 ppm stand for the three protons (H3,5,7) from dendritic 
units, signals at δ= 7.3-7.58 ppm represent the two protons (H5,7) from linear units, and 
signal at δ= 6.4-6.5 ppm for the proton (H3) of terminal units. Through the intensities of 
these signals, the DB of AB2 hb polyester was easily estimated. 
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5
Chemical Shift (ppm)
O
OH
*
O
*
2
1 3
terminal unit (t);
linear unit (l);
dendritic unit (d)
OH (l)
OH (t)
2,3(d) 1(d)
2,3(l)
1(l)
2,3(t)
1(t)
12
3
4 5
 
 
Figure 3.36 1H-NMR spectra of aHBP(OH)-P1 measured in DMSO-d6 
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3.1.3.2 Molar Mass Determination  
The physical properties of polymeric materials depend not only on molecular composition and 
architecture but also on molar mass average and molar mass distribution. Moreover, the molar 
mass average and molar mass distribution of hyperbranched polymers obtained by 
polycondensation also depend on the conversion and monomer functionality. Generally, for 
AB2 monomers at high conversion, the molar mass distribution of the product is extremely 
broad and the polydispersity index (PDI=Mw/Mn) is predicted to approach infinity. 
Significant deviations from the expected molar mass growths are caused by side reactions, 
e.g. intramolecular interaction of A and B groups and intra- or intermolecular interactions 
between B groups [214]. There are several methods for the determination of polymer molar 
masses and their polydispersity. 
The Size Exclusion Chromatography (SEC) could be coupled to concentration sensitive 
detectors (e.g. RI) and the interpretation of the molar mass is based usually on a relative 
method using the calibration with defined linear polymer standards (e.g. polystyrene), and it 
was applied to characterize the molar mass and polydispersity of the used polymers. SEC with 
calibration mode was used at first to characterize the molar mass and polydispersity of 
aliphatic-aromatic and aromatic hyperbranched polyesters with different end groups. The 
molar mass determination by SEC is based on the fact that polymer coils migrate into the 
pores of the stationary phase (Figure 3.37). Smaller coils with lower hydrodynamic volume 
will penetrate deeper into the pores than larger coils, and this elute later (entropic 
interactions). Therefore, polymers with a larger size than the pore sizes are excluded from 
penetration and elute at the beginning of the separation process. However, several problems 
exist to determine the “real” molar mass of the hyperbranched systems. The first problem is 
the broad molar mass distribution of HBPs. The second one is the high molecular density of 
branched polymer molecules compared to linear polymers of the same molar mass. Therefore, 
the calculated values of the molar mass of HBPs using a linear polymer standard (e.g. 
polystyrene, PS) are usually much smaller than the “real” ones. The third problem is the large 
number of polar groups, which often leads to aggregation of the HBP molecules increasing 
their calculated molecular weight or to stronger interactions of the polymer with the material 
of a column leading to non-SEC separation mechanism (enthalpic interactions). 
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Figure 3.37 :Diagram of a size-exclusion chromatography column 
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/E/ExclusionChrom.html 
For our measurements, PS as a linear polymer standard was used to evaluate the molar mass 
(System I). However, due to factors mentioned above the obtained values carry a relative 
character and permit only a qualitative comparison between HBPs with a similar chemical 
composition and degree of branching. However, this comparison should be carried out very 
carefully due to different chemistry and/or polarity of the end groups of HBPs used. Table 
3.11 shows the evaluated relative values of molar masses and polydispersities of some 
polymers determined using a linear standard (PS) calibration.  
However, the molar mass of HBP molecules can’t be easily correlated to the molar mass of 
the linear polymers of the same hydrodynamic volume. Additionally, Lederer et al. [215] 
showed that the hyperbranched poly(etheramide) with molar mass on the top of the peak of 
about 60 000 g/mol corresponds to the volume of PS or PVP with a molar mass of about 20 
000 g/mol. It means that the determination of the relative molar mass of HBPs obtained by a 
linear polymer standard is not optimal because of the significant difference of the backbone 
structure and solvation behaviour between HBPs and linear polymers.  
The SEC coupled with refractive index (RI), and light scattering detection (MALLS) is a 
method, which allows achieving absolute molar masses detecting the separation process. After 
the separation of the sample, the MALLS enables to receive the signal of the scattering 
intensity which is proportional to the weight-average molar mass and the polymer 
concentration. Additionally, the light scattering detection gives information about the size of 
the polymers in solution and/or their aggregates. Therefore, the investigation of the molar 
mass of HBPs dissolved in THF with SEC-MALLS was applied to exclude the influence of a 
linear polymer standard on the evaluation procedure. The response of the RI-detector (Figure 
Large molecule 
Small molecule 
Column 
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3.38) and the value of the Polydispersity (PDI) (Table 3.11) increase from aaHBP(OH)-P6 to 
aaHBP(OH)-P12 with increasing the molar mass and reaction time as shown in Table 3.9. 
 
 Figure 3.38 Molar mass dependence of aaHBP (different reaction time) as a function of elution 
volume, together with the SEC-chromatogram of RI response. 
 
 
 Figure 3.39 SEC-MALLS chromatograms of LS (90°)-response of aaHBP-OH. 
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The RI-response of aaHBP-OH having very broad elution range is also attributed to the high 
molecular mass and high polydispersity (Figure 3.38 and 3.39). Table 3.11 shows the SEC-
MALLS results of molar masses obtained from LS- and RI-detectors and evaluated using the 
calibration with PS dissolved in THF.  
Moreover, the linear molar mass/elution volume dependences presented in Figure 3.38 
indicate a uniform separation process consisting of the entropic (SEC) separation mechanism 
in the chromatographic system. Therefore, the calculated values of Mw and PDI of the HBPs 
based on calibration with PS carry a good exact character. The values of molar mass using 
SEC-MALLS were obtained using from the RI signal of the measurements assuming full 
coverage of injected and detected sample mass of each HBP. There are two possible 
explanations of the large differences in the values of the molar mass determined by SEC and 
SEC-MALLS. The most probable one is the strong dependence of the hydrodynamic volume 
and coil density on the molar mass. The results obtained with SEC using linear PS for 
calibration show low molar masses due to very compact structure of HBPs in a dissolved 
state. On the other hand, SEC-MALLS allows the determination of the exact molar masses 
(Mw) of the unmodified HBP  taking into account the actual compactness of dissolved HBP 
molecules. The second one is the aggregation of the molecules dissolved in THF, which can 
be influenced by the hydrogen bond formation. Differently, the SEC-measurements with PS-
calibration were carried out in mixed solvent with LiCl, which breaks eventual hydrogen 
bonds. On the other hand, possible adsorption onto the column can be controlled. 
Nevertheless, for the modified polymers, it was not possible to determine the molar mass 
exactly of the obtained modified polymer because of its high interaction in the SEC column.  
Table 3.10 the molar mass averages of HBPs obtained by the calibration (SEC) and MALLS 
detection (SEC-MALLS). 
Polymer System I : SEC 
(DMAc-H2O-LiCl) 
System II : SEC-MALLS 
(THF) 
Mn 
(g/mol) 
Mw 
(g/mol) 
PDI Mn 
(g/mol) 
Mw 
(g/mol) 
PDI 
aaHBP(OH)-P4 4500 25500 5,69 14800 90600 6.2 
aaHBP(OH)-P4a 800 11800 15,45 6100 61200 10 
aaHBP(OH)-P4b 800 9400 11,49 6700 55200 8,28 
aHBP(OH)-P1 8200 9500 1,16 1600 1900 1,19 
aHBP(OH)-P1a ----- ----- ----- 15800 23300 3,49 
---- not determined  
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3.1.3.3 FTIR Spectroscopy  
FTIR spectroscopy is widely used for identification of polymers because of its sensitivity to 
minor variations in polymer structure. In addition, the technique is rapid and nondestructive. 
Fourier transform infrared spectroscopy (FTIR) has been demonstrated to be an important tool 
to probe the nature and extent of hydrogen bonding. In addition to the NMR measurements on 
dissolved HBPs, the typical structure elements of the HBPs in a solid state were proven by 
FTIR spectroscopy. The IR transmission spectra of aromatic hyperbranched polyester 
(aHBPs) powders on KBr substrates are shown in Figure 3.40. Characteristic bands of the 
1,3,5-trisubstituted aromatic ring were detected between 1000-1200 cm-1 (ν CH in-plane) and 
920-810 cm-1 (ν CH out-off-plane) for all used polymers. Other typical aromatic bands can be 
observed at 3000 cm-1 (ν C-Harom.), 1650, 1600 and 1449 cm-1 (ν C=C arom.), 1084 cm-1               
(ν C-Harom.). 
The hydroxyl groups of aromatic hyperbranched polyesters (aHBP-OH) were identified by 
their complex band around 3415 cm-1 (ν OH) indicating the existence of different types of 
hydrogen bonds. Additionally, the phenolic OH associated groups and the ester groups gave 
widely structured bands  at 1323 cm- 1 and 1290 cm-1 (ν C-O with ν OH),  1135 cm-1 (ν C-O in 
C-OH). The ester carbonyl stretching vibrations (ν C=O) at about 1745 cm-1 influenced by 
hydrogen bonds, which are responsible for the low-frequency shoulder of the band. 
Table 3.11 Principal vibration frequencies of aromatic hyperbranched polyester aHBP(OH) 
 
Vibration Peak Position/ cm-1 
ν (O-H) 3300-3600 
ν (C-H)ar 3100 
ν (C=O)ester 1745 
ν (C=C)arom 1650, 1600, 1449 
ν (C-O) 1323, 1290 with OH, 1190 with OH, 1135 in C-OH 
ν Out of plane 920-810 
 
The modified aromatic hyperbranched polyesters with 3-(isocyanatopropyl) triethoxysilane 
yield aHBP(OH)-P1a-b with different percent of modification, as it is clear from the Figure 
3.40 , that the appearance of ν (N-H) at 3330 cm-1  due to the formation of O=C-N-H bond and        
Si-O-C at 524, 599 cm-1. Also the absence of the isocyanate bond N=C=O proves the 
formation of the modified aromatic hyperbranched polyester. The other peaks of modified 
polymer overlapped with the peaks of the unmodified especially the peak of carbony group 
and ester group. 
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Figure 3.40 IR spectra of aHBP(OH)P1 and aHBP(OH)P1a-b different degree of modification 
showing the expected region of silane and C=O . 
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Figure 3.41 IR spectra of aHBP(OH)-P1 and aHBP(OH)-P1a-b different degree of modification. 
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The IR transmission spectra of aliphatic-aromatic hyperbranched polyesters aaHBP(OH)s 
powders on KBr substrates are shown in Figure 3.42. The strong absorption band in the range 
3250–3500 cm-1 for -OH indicated the presence of large numbers of hydroxyl groups on the 
surface of the aaHBPs. The formation of strong hydrogen-bonding structures and the presence 
of free -OH groups in these polyesters were the main causes for the broadening of the peaks. 
This also depended on the distribution of bonded -OH groups; different environments, 
distances, and geometries was induce a change in the force constant of the -OH groups[99]. 
The spectra of the polyesters were similar, except for the very broad and intense hydroxyl 
peak. The ester carbonyl stretching vibrations (ν C=O) between 1600 and 1800 cm-1 were 
composed of free and hydrogen-bonded carbonyls. The vibration of methyl and methylene 
groups in the aaHBP resulted in antisymmetric (νas CH3) and symmetric (νs CH3) stretching of 
the methyl groups at 2948 and 2868 cm-1, respectively. The other bands at 2906 and 2835 cm-
1 belonged to the antisymmetric (νas CH2) and symmetric (νs CH2) stretching of methylene 
groups, respectively. The peak at 1465 cm-1 was due to a CH3 asymmetric deformation 
vibration. The C-O stretching and O-H deformation of aaHBP appeared at 1226–1250 cm-1, 
but these peaks were not observed clearly because of the overlap with ester peaks. 
Additionally, the phenolic OH associated groups and the ester groups gave widely structured 
bands  at 1205 cm- 1 and 1173, 1000 cm-1 (ν C-O with ν OH), The ester carbonyl stretching 
vibrations (ν C=O) at about 1707 cm-1 are influenced by hydrogen bonds, which are 
responsible for the low-frequency shoulder of the band. 
Table 3.12 Principal vibration frequencies of aliphatic-aromatic hyperbranched polyester 
aaHBP(OH)-P4  
 
Vibration Peak Position/ cm-1 
ν (O-H) 3300-3600 
ν (C-H)ar 3100 
ν (C-H)aliph 2969,2866 
ν (C=O)ester 1707 
ν (C=C)arom 1613, 1594, 1510 
ν (C-H)bend 1435,1376 
ν (C-O) 1205, 1173, 1000 with OH 
ν Out of plane 820 
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Figure 3.42 IR spectra of aaHBP(OH)-P4 and aaHBP(OH)-P4a-c with different degree of modification  
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Figure 3.43 IR spectra of aaHBP(OH)-P4 and aaHBP(OH)-P4a-c with different degree of modification 
with expaned regions in Si region and C=O region  
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Figure 3.43 shows the FTIR spectra of aaHBP modified with 3-(isocynatopropyl) 
triethoxysilane. The amide I band was primarily a C=O, stretching band, which may have 
some contributions from C–N stretching and C–C–N deformations. The broad band of the 
carbonyl region is formed by the ester carbonyl (ν C=O, 1700cm-1) and the complex band of 
nitrogen bonded carboxyl groups (ν C=O in –CONH, 1730 cm-1). The amide II mode was out 
of plane combination of largely N–H in plane bending and C–N stretching, which  overlapped 
with the C=C aromatic, this was usually very weak compared to amide I. Amide III mode was 
the combination of N–H in plane bending and C–N stretching(1260-1290 cm-1). Amide I 
mode was less intensive in contribution from C–C stretching and C–O bending. Amides IV-
VII modes were mainly due to in and out of plane deformation vibration of amino groups, 
strongly coupled and less sensitive to conformational changes. These amide modes were less 
intensive in IR spectra and observed at frequencies below 800 cm−1, corresponding to out of 
plane vibration of the CONH group [147,216]. All modified aliphatic-aromatic hyperbranched 
polyesters in these experiments have strong bands at 3000–3400cm−1 known free and 
hydrogen bonded N–H and O–H stretching vibration. The carbonyl zone (C=O) at 1600–1800 
cm−1 was observed for free and hydrogen bonded [217,218]. The characteristic’s bands of 
modified aliphatic-aromatic hyperbranched polyester are reported in Table 3.14. These 
characteristic peaks concluded the formation of modified aaHBP. However, the formation of 
urethane linkages were also confirmed by the disappearance of isocyanate (NCO) peak 
observed at 2270 cm−1 and formation of the amide bonds. The peak near 1130cm−1 was 
because of the Si–O–C stretching, and the peak from 680-790 cm-1 for the asymmetric 
vibration of Si-O-C. 
Table 3.13 Principal Vibration Frequencies of Amide Modes of aaHBP(OH)-P4a-c 
Peak Position/ cm-1 Vibration 
3050-3500  N–H and O–H stretching vibrations 
3040–2960  Asymmetric + symmetric CH2 stretching 
1600–1800  Amide I, ν C=O stretching 
1500–1590  Amide II, ν C–N + δ N–H vibrations 
1453–1461  CH2 scissoring, CH3 deformation and CH2 bending 
1371–1388  ν C–N 
1342  C–H deformation 
1260–1292  Amide III, ν C–N and in plane N–H deformation 
1200–1250  ν C–O of ester functions from polyester backbone 
1080–1126 ν C–O–C of ester groups of polyester structure 
ν C–O–C of ether groups 
1090–1130  Si–O–C asymmetric stretching 
755 and 649  Amide IV and amide V 
680-790  δ Si–O–C 
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3.1.3.4 Thermal Properties of HBPs 
3.1.3.4.1 Glass Transition Temperature 
The glass transition temperature (Tg) is the temperature beyond which the long-range 
translational motion of the polymer chain segments is active. At this temperature (on heating), 
the glassy state changes into the rubbery or melt state. Below Tg, the translational motion of 
the segments is frozen, only the vibrational motion is active. Formally, the glass transition 
resembles a thermodynamic second-order transition because at the glass transition 
temperature, there is a heat capacity jump. But this heat capacity increase does not take place 
at a definite temperature as would be required by equilibrium thermodynamics, but rather in a 
temperature range. Therefore, the glass transition is a kinetic transition [219]. 
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Figure 3.44 Determination of glass transition temperature in a heating experiment from an idealized 
DSC curve (endotherm down). In this DSC curve no hysteresis peak is present, which is a very rare 
case. The height of the double arrow is proportional to the heat capacity increase at the glass 
transition. [219]  
 
The glass transition temperature is extremely important from a practical perspective; for many 
polymers, it determines the highest use temperature, while at the same time it defines the 
lowest possible processing temperature. DSC is a suitable technique for measuring the 
characteristics of the glass transition, because the specific-heat capacity at the glass transition 
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temperature exhibits a generally abrupt change, the DSC signal (heat flow) is proportional to 
the specific - heat capacity of the sample.  
The glass transition takes place in amorphous polymers or in the amorphous fraction of 
semicrystalline polymers. Thus, in a semicrystalline polymer (which contains both amorphous 
and crystalline regions), three transitions can be identified: the cold, melting and the glass 
transition. The melting reflects the transition of the crystalline portions, while the glass 
transition comes from the change in the amorphous regions of the polymer. The value of Tg 
depends on the mobility of the polymer chains; polymers possessing more mobile chains have 
a lower glass transition temperature, and restriction of the rotational motion of the polymer 
chain segments leads to an increase in Tg [219]. 
In publications describing DSC experiments, the glass transition temperature is usually 
reported as the temperature at the half-the p method of the heat capacity increase ( 1/2 ΔCp, 
also called the “temperature of half-unfreezing”; see Figure 3.44 ). Tg can also be taken as the 
inflection point, which is slightly different and corresponds to the peak in the derivative of the 
heat flow or heat capacity versus temperature. Most software programs of commercial 
instruments do the determination of Tg almost automatically. There are two popular methods 
for calculation of Tg from the DSC curves. In the first one, the operator can vary the position 
of six points-two should be put down on the linear portion of the DSC curve in the glassy 
state; two should be selected on the linear portion of the DSC curve in the melt, and two 
should be selected in the transition region itself. In the other method, the operator selects two 
points: one on the linear portion of the DSC curve before the glass transition, and one after the 
glass transition. Finally, the software gives two straight lines, and the operator should adjust 
them if necessary, so they become a continuation of the linear portions of the DSC curve 
below and above Tg. Then, in both cases, calculation of Tg and Δ Cp is done and displayed by 
the software. For amorphous polymers, where the glass transition is reasonably narrow, and 
can be easily seen, the precision is good, about ± 0.5°C [219]. 
Differential scanning calorimetry (DSC) was applied to investigate the thermal behaviour of 
HBPs. There are many factors affecting the value of the glass transition temperature (Tg), e.g. 
molecular structure, molar mass, degree of branching in case of HBP, nature of end groups, 
and interactions such as physical and chemical crosslinking (network formation). Figure 3.45 
show the DSC thermograms of the second heating scans of aaHBP(OH)-P4 and aaHBP(OH)-
P4a-c. The DSC curves of the first heating show a broad peak at 100°C caused by the 
vaporisation of the water absorbed within the polymers. The second heating curves of 
aaHBP(OH)-P4 and aaHBP(OH)-P4a-c show clearly a step in the heat flow curves 
corresponding to the glass transition.  
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 The glass transition temperatures of aaHBP(OH)-P4 and aaHBP(OH)-P4a-c was evaluated 
and presented in Table 3.15. As can be seen, modified aaHBP gave higher values of the Tg 
compared to the unmodified aaHBPs. As the amount of the (IPTES) increased, the Tg 
increased, reached to aaHBP(OH)-P4c=114°C for 20wt% modification from aaHBP(OH)-
P4=98°C. Such high temperature can be attributed mainly to the formed network of intra- and 
especially inter-molecular hydrogen bonds within aaHBP(OH)-P4 and aaHBP(OH)-P4a-c. 
Table 3.14 The glass transition (Tg) temperature and temperature of maximum decomposition 
(TDTG) of aaHBP(OH)-P4 and aaHBP(OH)-P4a-c determined from the second DSC scans and 
TGA data analysis, respectively  
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 Figure 3.45 DSC thermograms of the aaHBP(OH)-P4 and aaHBP(OH)-P4a-c with different percent of 
modification 
 
Sample Tg°C Tmax°C 
aaHBP(OH)-P4 98 337 
aaHBP(OH)-P4a 108 384 
aaHBP(OH)-P4b 110 393 
aaHBP(OH)-P4c 114 402 
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The investigation of the thermal stability of the same samples in terms of dynamic TGA 
measurements were performed in the temperature range from 20 to 800°C with a heating rate 
of 10 K/min and using nitrogen as inert gas. All aaHBPs showed good thermal stability up to 
300°C before the degradation started. Figure 3.46 show thermograms and the temperature of 
maximum decomposition (TDTG) of aaHBPs with a different degree of modification. The 
decomposition behavior with sharp degradation slope is very similar for aaHBP(OH)-P4a, 
aaHBP(OH)-P4b and aaHBP(OH)-P4c. The decomposition of aaHBP(OH)-P4 starts earlier at 
the temperature of about 337°C. However, the maximum temperature of the main 
decomposition of aaHBP(OH)-P4c occurs at 402°C. 
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Figure 3.46 TGA curves obtained in nitrogen atmosphere of aaHBP(OH)-P4 and aaHBP(OH)-P4a-c 
with different degree of modification.  
 
Figure 3.47 shows the DSC thermograms of the second heating scans of aromatic 
hyperbranched polyester aHBP(OH)-P1 and aHBP(OH)-P1a-b. The glass transition 
temperature of unmodified aHBP and modified aHBP was evaluated and presented in Table 
3.16. As can be seen, modified aHBP gave the highest values of the Tg compared to the 
unmodified aHBPs. As the amount of (IPTES) increased, the Tg increased and reached to 
above 150°C aHBP(OH)-P1a from aHBP(OH)-P1 and can’t be calculated for 20wt% of 
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IPTES modification of unmodified polymer. Such very high temperature can be attributed 
mainly to the formed network of intra- and especially inter-molecular hydrogen bonds within 
aHBP(OH) and aHBP(OH)-P1a-b. When aHBP(OH)-P1a-b is used as a matrix, no Tg is 
detectable at all. This result is in agreement with the literature, and it can be explained taking 
into account that the particular good interaction between the modified polymer and the 
inorganic particles strongly limits the mobility of the polymeric chains shifting the Tg to very 
high values and probably near to the decomposition temperature no longer detected in our 
measurements [19,220]. 
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Figure 3.47 DSC thermograms of the aHBP(OH)-P1 and aHBP(OH)-P1a-b with different percent of 
modification 
 
Table 3.15 The glass transition (Tg) temperature and temperature of maximum decomposition 
(TDTG) of aHBP(OH)-P1 and aHBP(OH)-P1a-b determined from the second DSC scans and 
TGA data analysis, respectively.  
 
 
 
 
n.c =not determined 
Sample Tg°C Tmax1°C Tmax2°C 
aHBP(OH)-P1 116 314 387 
aHBP(OH)-P1a n.d 319 535 
aHBP(OH)-P1b n.d 323 538 
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Figure 3.48 shows the thermogravimetric curve of aromatic hyperbranched polyesters 
aHBP(OH)-P1 and the modified aHBP(OH)-P1a-b, respectively. The TGA curves of 
aHBP(OH)-P1 and aHBP(OH)-P1a-b suggest a predominant two-step decomposition profile 
with a small-tail decomposition step at a higher temperature. The temperature corresponding 
to the maximum rate of weight loss (Tmax1 and Tmax2) of aHBP(OH)-P1, aHBP(OH)-P1a 
and aHBP(OH)-P1b are 314, 387°C; 319, 535°C and 323, 538°C, respectively, suggesting 
that aHBP(OH)-P1b is more stable against the thermal decomposition than aHBP(OH)-P1. 
This could be due to the formation of high cross-linking interaction between the aromatic 
hyperbranched polyester and IPTES. The characteristic thermal decomposition temperatures 
of aHBP(OH)-P1 and aHBP(OH)-P1a-b are shown in Table 3.16. The characteristic 
decomposition data suggest that the thermal stability of modified hyperbranched polyester 
increases as the IPTES content is increased.  
100 200 300 400 500 600 700 800
20
40
60
80
100
 aHBP(OH)-P1:314oC,387oC
 aHBP(OH)-P1a:319oC,535oC
 aHBP(OH)-P1b:323oC,538oC
W
ei
gh
t (
%
)
Temperature (°C)
 
 
 
Figure 3.48 TGA curves obtained in nitrogen atmosphere of aromatic hyperbranched polyester and its 
modification with different degree.  
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3.2 Chapter 2. TiO2 Nanocomposites  
                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.12 Preparation and characterization of hyperbranched polyesters/TiO2 hybrid nanoparticles 
hard film coatings 
20% wt/wt DMAc Solution  
eq. H2O w.r to Ti(iOPr)4 
Sol-gel process  
Stablized TiO2 particles 
1,6 diisocyanatohexane 
Curing: 2 days 
Vacuum, 70°C 
Catalyst: dibutyltin 
dilaurate 
Highly transparent coating films 
DLS
TEM, DSC, TGA 
AFM, XPS 
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3.2.1 Nanocomposites Preparation 
Two different kinds of hyperbranched polyesters were used as matrices in the synthesis of 
polymer nanocomposites based on TiO2. One of them was aliphatic–aromatic hyperbranched 
polyesters and the second is aromatic hyperbranched poyesters. Each one of the 
hyperbranched polyester has phenolic end groups (aaHBP-OH), (aHBP-OH) and the synthesis 
is described elsewhere [146]. The other ones modified aaHBP(OH) and modified aHBP(OH) 
were obtained starting from the aaHBP-OH and aHPB which was subsequently partially 
modified with an alkoxysilane functionality using (3-isocyanatopropyl) triethoxysilane 
resulting in a product with triethoxysilane as well as phenolic end groups, respectively 
(Scheme 3.8). Since only partial modification was attempted, the (3-isocyanatopropyl) 
triethoxysilane was added as the minor component with respect to the number of OH end 
groups of the aaHBP-OH and aHBP-OH. Thus, a modification degree of 5, 10 and 20% was 
obtained as determined by 1H NMR. 
Both polymers were solved in DMAc and, in these solutions, the sol-gel synthesis of TiO2, 
starting from its precursor Ti(iOPr)4 for 5, 10, and 20 wt.-%, was performed. To the resulting 
solutions, the curing agent 1,6-diisocyanatohexane and a catalyst dibutyltin dilaurate were 
added directly. Films were coated on a glass substrate, and then they were heated under 
vacuum at 70°C for 2 d. Considering the condensation reaction of the Ti(iOPr)4 precursor, 
after complete curing, theoretically 1.0, 2.0, or 4.5 wt.-% TiO2 should be incorporated in the 
composite. The described treatment allows completing the synthesis of the TiO2 particles 
through a condensation reaction, which leads to the formation of the final inorganic network. 
At the same time, it allows the curing of the polymer, thanks to the reaction between the 
isocyanate groups of the curing agent and the OH end groups, which are present in both the 
aaHBP and aHBP structures employed. The synthesis of the TiO2 particles, however, may 
have started already in the solution due to high reactivity of the precursor Ti(iOPr)4. All 
polymer formulations studied, summarized in Table 3.16. All the formulations gave rise to 
cured films characterized by a high gel content values (equal or higher than 97%, see Table 
3.16) indicating the formation of a completely insoluble network and therefore confirming the 
efficiency of the cure process. 
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Table 3.16 Characterization data of coating film hb polyesters. 
Sample code Sample specification Note a Gel content % b 
P1 aaHBP(OH)-P1+DMAc without curing (1,6 diisocyanatohexane + dibutyltin dilaurate) DLS  
P1a aaHBP(OH)-P1a+DMAc without curing DLS  
P1b aaHBP(OH)-P1b+DMAc without curing DLS  
P1c aaHBP(OH)-P1c+DMAc without curing DLS  
P1,Ti10 aaHBP(OH)-P1+DMAc+10wt% Ti(iOP)4+H2O without curing DLS  
P1a,Ti10 aaHBP(OH)-P1a+DMAc +10wt% Ti(iOP)4+H2O without curing DLS  
P1b,Ti10 aaHBP(OH)-P1b+DMAc + 10wt% Ti(iOP)4+H2O without curing DLS  
AP1 aHBP(OH)-P1+DMAc without curing DLS  
AP1,Ti5 aHBP(OH)-P1+5wt% Ti(iOP)4+H2O+ DMAc without curing DLS  
AP1,Ti10 aHBP(OH)-P1+10wt% Ti(iOP)4+H2O+ DMAc without curing DLS  
AP1,Ti20 aHBP(OH)-P1+20wt% Ti(iOP)4+H2O+ DMAc without curing DLS  
Co-P4 aaHBP(OH)-P4+ DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate) IR  
Co-P5a/Ti5 aaHBP(OH)-P4a +5wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ mold+ vac. 70ºC, 2d. IR  
Co-P5a/Ti10 aaHBP(OH)-P4a +10wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ mold+ vac. 70ºC, 2d. IR  
Co-P5a/Ti20 aaHBP(OH)-P4a +20wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ mold+ vac. 70ºC, 2d. IR  
Co-AP1 aHBP(OH)-P1 + DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate) IR  
Co-AP1/Ti15 aHBP(OH)-P1 + 15wt% Ti(iOP)4+H2O + DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate) + mold+ vac. 70ºC, 2d. IR  
Co-AP1a/Ti15 aHBP(OH)-P1a + 15wt% Ti(iOP)4+H2O + DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate) + mold+ vac. 70ºC, 2d. IR  
Co-P4 aaHBP(OH)-P4+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate) + spin coating AFM  
Co-P4c aaHBP(OH)-P4c+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-P4c/Ti5 aaHBP(OH)-P4c+ DMAc+5wt% Ti(iOP)4+H2O with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-P4c/Ti10 aaHBP(OH)-P4c+DMAc+10wt% Ti(iOP)4+H2O with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-P4c/T20 aaHBP(OH)-P4c+DMAc+20wt% Ti(iOP)4+H2O with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-P4c/Ti10/5diol 
aaHBP(OH)-P4c+DMAc+10wt% Ti(iOP)4+H2O with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+5wt%1,6 hexan diol, spin 
coating 
AFM  
Co-P4c/Ti10/10diol 
aaHBP(OH)-P4c+DMAc+10wt% Ti(iOP)4+H2O with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+10wt%1,6 hexan diol, spin 
coating 
AFM  
Co-P4c/Ti10/20diol 
aaHBP(OH)-P4c+DMAc+10wt% Ti(iOP)4+H2O with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+20wt%1,6 hexan diol, spin 
coating 
AFM  
Co-AP1 aHBP(OH)-P1+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-AP1a aHBP(OH)-P1a+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-AP1a/Ti5 aHBP(OH)-P1a+5wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-AP1a/Ti10 aHBP(OH)-P1a+10wt% Ti(iOP)4+H2O+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-AP1/Ti15 aHBP(OH)-P1a+15wt% Ti(iOP)4+H2O+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin coating AFM  
Co-AP1/Ti15/5diol 
aHBP(OH)-P1a+15wt% Ti(iOP)4+H2O+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ 5wt%1,6 hexan diol, spin 
coating  c 
AFM  
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  a. refer to the measurements used for coating film  b. Determined after 24 h extraction chloroform ASTM D2765-84.  c.  reaction according to Sangermano [146] 
 
Co-AP1/Ti15/10diol 
aHBP(OH)-P1a+15wt% Ti(iOP)4+H2O+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ 10wt%1,6 hexan diol, spin 
coating c 
AFM  
Co-AP1/Ti15/15diol 
aHBP(OH)-P1a+15wt% Ti(iOP)4+H2O+DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ 5wt%1,6 hexan diol, spin 
coating 
AFM  
Co-P4/Ti5 
aaHBP(OH)-P4+5wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold    
+ vac. 70ºC, 2d. c 
TEM 89 
Co-P4/Ti10 
aaHBP(OH)-P4+10wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d. c 
TEM 90 
Co-P4/Ti20 
aaHBP(OH)-P4+20wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d. c 
TEM 91 
Co-P4a/Ti5 
aaHBP(OH)-P4a+5wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold   
+ vac. 70ºC, 2d. c 
TEM 96 
Co-P4a/Ti10 
aaHBP(OH)-P4a+10wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d. c 
TEM 97 
Co-P4a/Ti20 
aaHBP(OH)-P4a+20wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d. c 
TEM 98 
Co-AP1/Ti5 
aHBP(OH)-P1+5wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold      
+ vac. 70ºC, 2d. c 
TEM 85 
Co-AP1/Ti10 
aHBP(OH)-P1+10wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold    
+ vac. 70ºC, 2d. c 
TEM 87 
Co-AP1/Ti20 
aHBP(OH)-P1+20wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold    
+ vac. 70ºC, 2d. c 
TEM 88 
Co-AP1a/Ti5 
aHBP(OH)-P1a+5wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold    
+ vac. 70ºC, 2d. c 
TEM 93 
Co-AP1a/Ti10 
aHBP(OH)-P1a+10wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d. c 
TEM 94 
Co-AP1a/Ti20 
aHBP(OH)-P1a+20wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d. c 
TEM 95 
Co-P4b/Ti10 
aaHBP(OH)-P4b+10wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d. c 
TEM 98 
Co-P4c/Ti10 
aaHBP(OH)-P4c+10wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d. c 
TEM 99 
Co-APb/Ti10 
aHBP(OH)-P1b+10wt% Ti(iOP)4+H2O +DMAc with curing (1,6 diisocyanatohexane + dibutyltin dilaurate)+ spin TEM Grid or  mold  
+ vac. 70ºC, 2d.  c 
TEM 97 
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3.2.1.1 DLS Measurements 
DLS measurements were performed to investigate the formation of some primary particles in 
the solution before the thermal curing process and the results are shown in Figure 3.49 (Table 
3.16). In the case of the DMAc solution of the aaHBP-OH polymer, the main peak is centered 
at about 2.6 nm, while after the modification with 20% of IPTES the peak is shifted at about 8 
nm. This result indicates the formation of some primary particles, which are stabilized 
through the interactions with the aaHBP(OH) polymer functionalities. 
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Figure 3.49 DLS measurements of the radius of (P1) DMAc solution of the aaHBP-OH polymer (2.6 
nm), P1a (7 nm) and P1b (8 nm).  
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Figure 3.50  DLS measurements of the radius of (P1) DMAc solution of the aaHBP-OH polymer (2.6 
nm), P1Ti10 (16 nm), P1aTi10 (13.6 nm) and P1bTi10 (7.4 nm). 
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Figure 3.50 shows that, in the case of the DMAc solution of the aaHBP-OH polymer, the 
main peak is centered at about 2.6 nm, while after the addition of 10 wt.-%Ti(iOPr)4 and H2O, 
the peak is shifted to about 16 nm. While in case of modification with different percent of 
IPTES, the stablization of TiO2 will be more and the peak is shifted to about 7.4 nm for higher 
modified polymer. This result indicates the formation of some primary particles which are 
stabilized through the interactions with the aaHBP(OH)-P1a-b polymer functionalities (Table 
3.16). 
For aromatic hyperbranched polyesters, some primary particles in the solution have already 
formed before the thermal curing process and the results are shown in Figure 3.51. In the case 
of the DMAc solution of the aHBP(OH) polymer, the main peak is centered at about 2.5 nm, 
while after the addition of 5, 10 and 20 wt.-% Ti(iOPr)4 and H2O, the peak is shifted to about 
3.5, 11 and 17.6 nm respectively. Also this result indicates the formation of some primary 
particles which are stabilized through the interactions with the aHBP wih Ti(iOPr)4. This is 
indication for more stabilization of TiO2 nanoparticles in case of higher percent of 
modification of polymer. Increasing the modification, the peak will be shifted to lower nm 
values. This is an agreement with the results of TEM, which will be discussed later. 
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Figure 3.51 DLS measurements of the radius of (AP1) DMAc solution of the aHBP-OH polymer (2.5 
nm), AP1Ti5 (3.5 nm), AP1Ti10 (11 nm) and AP1Ti20 (17.6 nm). 
In Scheme 3.11, the sol-gel process is schematically represented showing TiO2 preparation 
from the Ti alkoxide precursor. It is well known that the process is made up of two steps: 
hydrolysis and condensation. As shown, the condensation can also take part between a metal-
OH group and a metal-OR group as well as other suitable groups. Therefore, when the 
polymer aaHBP(OH)-Si(OEt)3 or aHBP(OH)-Si(OEt)3 is employed, its Si(OEt)3 
functionalities can also be involved in the formation of the inorganic TiO2 network through 
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the condensation step [146]. Of course, also OH functions from the unmodified polyesters may 
interfere in the condensation reaction; however, the reactivity should be significantly lower 
and thus, the probability is lower. In addition to the covalent bonds formed between the HBPs 
and the Titania nanoparticles, also some physical interactions might be possible to stabilize 
the metal oxide particles already in solution and to avoid agglomeration in the bulk phase. 
This should allow for both HBPs a rather good interaction and compatibilization between the 
organic and the inorganic phase; however, an even more positive effect was expected for the 
reactive modified HBPs sample, as schematically represented in Scheme 3.12. For both the 
polymers used, the solutions are clear and stable for months; moreover, the final coating 
obtained looked completely transparent (Figure 3.52) and yellowish, and it could be removed 
from the substrate as free-standing film. The yellow color is typical for the starting polymers 
only polyesters from melt polymerization because of the phenolic end groups.  
 
Scheme 3.13 Schematic representation of the sol-gel process for titanium alkoxides 
 
Scheme 3.14 (a) Schematic representation of the interactions of the TiO2 particles in the unmodified 
matrix and (b) in the modified matrix. 
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3.2.2 Morphology 
Figure 3.52 shows the yellow color of the thin film polymer hybrid coatings crosslinked with 
1,6-diisocyanatohexane. Nakayamaand Hayashi [221] has explained the reason for the color of 
film. The reagents with lone electron pair (oxygen atom in a molecule) binds the Lewis acid 
site (Ti+) on the surface of the TiO2 nanoparticle, and a dipole layer is formed toward the 
inner TiO2 nanoparticles. It was this dipole layer that induced an attracting potential for the 
electrons inside the TiO2 nanoparticle, leading to the reduction of the band gap of TiO2, i.e., 
this layer introduced a red-shift tendency of the absorption band edge. 
   
 
Figure 3.52 represents the final coating obtained which looked yellowish and completely transparent 
(Co-P4c/Ti10). 
Therefore, it was concluded that the hybrid films, which contain aromatic ring, are more 
suitable to produce color waveguides. Furthermore, the films with lower Ti contents are more 
transparent than those with higher Ti content [222]. In the first characterization step, the size 
and distribution of the TiO2 particles within the coatings was investigated. For this, FTIR, 
AFM, contact angle measurements (CAM), and TEM analyses were performed. 
3.2.2.1 IR Measurements 
 Among other spectroscopic methods, infrared spectroscopy proved to be a powerful tool for 
the investigation of conformation, accessibility, and H-bond interactions in case of 
hyperbranched polyesters and polyurethanes (HPUs). The midinfrared spectral changes in the 
band intensity and frequency shifts are known criteria for the presence and strength of 
hydrogen bonds [223] in case of polymers. Mostly, the inherent property of a macromolecule 
like free volume, solubility, viscosity, and glass transition temperature (Tg) are highly 
influenced by the type and amount of H-bonding interaction present in the macromolecule. 
Thus, to get an overview idea about the structure–property relationship, it is highly important 
to measure the extent of H-bonding interactions present in the system. For that, a band-fitting 
procedure in the ν N-H and ν C=O zone were employed to study the different types, amount, 
and nature of H-bonding interactions present in the HPUs samples. Based on the detected 
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interactions between various groups, the structure of H-bonding network can be predicted. 
The advantage of using FTIR spectroscopy is the ability to examine the polymeric system at 
the molecular level and hence evaluate intermolecular interactions. Such an analysis allows 
one to relate the observed bulk properties with the three dimensional arrangement and 
interactions of different functions in the macromolecule. Among different specific interactions 
such as van der Waals, London forces, and hydrogen bonding, the hydrogen bonding 
phenomenon is easy to identify through FTIR spectroscopy from the shift of ν (C=O) and 
ν(N-H) band to the lower-wave number region. The magnitude of the frequency shift is a 
measure of hydrogen bonding strength in macromolecules. The higher the frequency shift and 
absorption coefficient (intensity of the band), the greater is the strength of hydrogen bonding 
in the polymeric materials [218,224]. Very few reports were available on the detailed study on H-
bonding in case of hyperbranched polyurethanes.  
The FTIR spectrum of Co-P4a-c/Ti20 (Table 3.16) hybrid coatings is shown in Figures 3.53; 
3.54 and 3.55 in the zone 400-4000 cm-1. The broad peak at 3200-3450 cm-1 is attributed to 
the O-H stretching absorbance and the C=O strong band at 1707 cm-1 from the ester linkages. 
The broad complex band of the hydroxyl (O-H) vibration region at about 3200-3300 cm-1 is 
attributed to the combined effect of the differently associated hydroxyl groups, that is, 
hydrogen bonding between -OH and -OH or between -OH and –C=O group of more 
electronegative ester function [225]. The FTIR spectra of Co-P4; Co-P4a/Ti20; Co-P4b/Ti20; 
and Co-P4c/Ti20 respectively, are shown in Figure 3.54. This figure shows that most of the 
organic functional group peaks of these samples coincide. In addition to the characteristic 
vibrations of the individual identities of aaHBP(OH), the absorption peak at 3336 cm-1 was 
due to the symmetric vibration of N-H, (3150-3600 cm-1 N-H stretching vibrations), 2800-
3000 cm-1 (C-H asymmetric and symmetric stretching vibrations), 1600-1800 cm-1 (C=O 
stretching vibrations), 1564 cm-1 (amide II, δN-H+ν C-N), 1260-1300 cm-1 (amide III, δN-
H+ν C-N) 1240 cm-1 (O-C=O of ester), 1130 cm-1 (C-O-C=O of ester, respectively. The 
presence of amide group in the films suggests the formation of urethane and urea functions. 
The hydrogen bonded N-H peaks vibrate at 3200-3500 cm-1 and the free N-H peaks at 3500-
3600 cm-1 [226-228]. The very strong band of C-O-C stretching vibration of ether group in thin 
films appeared at 1130 cm-1. The N-H and C=O stretching zones are the major part of these 
samples in the FTIR spectra. This is because of the formation of hydrogen bond in different 
magnitude within the hard-hard segment and hard-soft segment. The characteristic absorption 
peaks at 800 and 680 cm-1 were due to the asymmetric and symmetric vibration modes of Si-
O-C formed. The peak at about 641 and 685 cm-1 were attributed to the vibration spectrum of 
Ti-O-Ti. The most important peak, confirming the formation of Ti-O-Si linkages, was 
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observed at about 920 cm-1 that corresponds to the asymmetric Ti-O-Si stretching vibration. 
Also the peak at about 1400 cm-1 was ascribed to the lattice vibration of TiO2 [229,230].  
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Figure 3.53 FTIR spectra of different Co-P4a-c/Ti20 hybrid coatings especially in carbonyl, silicon 
and Ti -region. 
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Figure 3.54 FTIR spectra of different Co-P4a-c/Ti20 hybrid coatings. 
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Scheme 3.15 shows the hydrogen bonding interaction present between different groups of the 
coatings. Two major spectrum regions of interest in this work were, the N-H stretching 
vibration at 3000-3600 cm-1 and the carbonyl stretching vibration at 1600-1800 cm-1. The 
extent and strength of hydrogen bonding in both hard-hard and hard-soft segments was 
studied by deconvulation of N-H and C=O zones of infrared absorption of the two spectral 
regions [231-234]. Besides these bands, hybrid also has the characteristic absorption peaks at 
1100 and 800 cm-1 due to the asymmetric and symmetric vibration modes of Si-O-C and 
confirms that the siloxane group was introduced into the PU backbone [235-237]. Figure 3.55 (a) 
shows the 1600-1800 cm-1 region is assigned to free carbonyl and hydrogen bonded carbonyl 
absorption of the urethane/urea groups in the coating hybrid films. These samples can form 
medium to strong hydrogen bonding has its carbonyl peak, whereas, the urea compound can 
form very strong, bidentate hydrogen bonding shows a peak maximum at 1631 cm-1, much 
lower than that of the ester or urethane [235]. Peak deconvulation of Co-P4a-c/Ti20 samples 
have confirmed the bands assigned to the free C=O in ester group is centered at 
approximately 1707cm-1, whereas those assigned to the bonded C=O in urethane group is 
centered at approximately 1731-1756 cm-1 [238, 239].  
 
Scheme 3.15 Hydrogen Bonding Interaction Present in the coating hybrid films 
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Figure 3.55(b) shows the 3000-3600 cm-1 region assigned to bonded O-H and hydrogen 
bonded N-H stretching zone absorption of the urethane/urea groups in the Co-P4a-c/Ti20 
samples. In each spectrum, the N-H stretching vibration exhibits a strong absorption peak 
centered at around 3200-3500 cm-1 arising from the hydrogen bonded NH, whereas the free 
NH stretching vibration appears at ca. 3500-3580 cm-1. Interestingly, another peak observed at 
ca. 3330 cm-1corresponds to the N-H-O (type-2) of ether hydrogen bonding. This result might 
be due to the phase-mixed state between hard and soft segment via hydrogen bonding in the 
polymers [224, 240, 241]. The band of hydrogen bonding (type-1) between N-H and carbonyls at 
3400-3450 cm-1 was shifted to lower wavenumber with the increasing of urea groups. 
Because band position is related to the strength of the H-bonded N-H band, then the shift to 
lower frequency with increasing urea concentration indicated a decrease in the bond strength 
of the N-H bond. 
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Figure 3.55 (a) Amide I region of FTIR spectra of different coating hybrid films of four infrared bands 
in the carbonyl stretching vibration region (b) FTIR peak deconvolution of    N-H region.  
 
To reveal the formation of N-H hydrogen bonds, the aromatic hyperbranched polyester 
(aHBP-OH) have been studied by temperature dependent Fourier Transform Infrared 
spectroscopy [103]. The hydrogen bonding interactions present between different groups of the 
coatings are shown in scheme 3.15.  The FTIR spectrum of modified hyperbranched polyester 
hybrid with titanium Co-AP1a/Ti15 (Table 3.16) hybrid coatings is shown in Figure 3.56. 
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APa, AP15Ti and APa15Ti represent modified aromatic hp, aromatic hb with 15wt% 
Ti(iOPr)4 and modified aromatic hp with 15wt% Ti(iOPr)4, respectively. In addition to the 
characteristic vibrations of the individual identities of aromatic hyperbranched polyester and 
the modified aromatic hp, the peak at about 486, 565 and 600 cm-1 were attributed to the 
vibration spectrum of Ti-O-Ti. The most important peak, confirming the formation of Ti-O-Si 
linkages, was observed at about 960 cm-1 that corresponds to the asymmetric Ti-O-Si 
stretching vibration. Also the peak at about 1400 cm-1 was ascribed to the lattice vibration of 
TiO2 and the peak at about 1627 cm-1 was attributed to the bending vibration of the Ti-OH 
bond [229,230]. 
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Figure 3.56 FTIR spectra of AP1a, AP1/15Ti and AP1a/15Ti hybrid coatings. 
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3.2.2.2 AFM Measurements 
Thin films of (modified, unmodified) aliphatic-aromatic and (modified, unmodified) aromatic 
hyperbranched polyesters with different percent of TiO2 have been prepared by spin-coating 
from DMAc solution on silicon wafers. It is well known that the morphology of polymer 
surfaces has a very strong influence on experimental data obtained by different surface 
sensitive techniques such as contact angle and others. Therefore, an appropriate preparation of 
polymer films with a high reproducibility is very important. As it can be seen from the AFM 
images (Figure 3.57), aaHBP-OH films in the thickness range from 10 to 100 nm have very 
smooth and homogeneous surfaces with the resulting roughness (rms) of about 0.279 nm 
(determined for a scan size of 1µm×1µm). However, in case of the modified hp the roughness 
increased to (rms) 1.23 due to the modification process. The AFM phase images show, thanks 
to the viscoelasticity, some hard particles (bright regions) on the surface of the Co-P4c/Ti5-20 
(Table 3.16) composite characterized by a quite smooth interface. In the phase contrast image 
of Fig. 3.57 (d) and (e), the small bright (hard) domains were attributed to the titania phase, 
while the dark (soft) domains belong to the polymeric network. In addition, the topography of 
hybrid coating with titanium demonstrates that as the concentration of Ti increased the 
roughness of the coating increased from (rms) 1.23 to 4.42 nm. This is an agreement with the 
results of contact angle measurements (CAM) (Figure 3.59). Contact angles were measured as 
a function of time by dynamic contact angle tester (Fibro System, Sweden) equipped with a 
high-speed video camera according to the sessile drop method.  Generally, the hydrophilicity 
of polymer surface increases with increasing of the surface roughness. The results of the water 
contact angle measurements for aaHBP(OH) films are presented in Figure 3.59. Table 3.17 
shows the contact angle of Co-P4c/Ti5-20 hybrid coatings. The water contact angle data of 
Co-P4, Co-P4c, Co-P4c/Ti5 and Co-P4c/Ti10 were 66°, 86°, 88° and 91°, respectively. These 
data show that Co-P4c/Ti5-20 (Table 3.16) hybrid coatings were more hydrophobic in nature 
with increased titanium concentration. This might be due to the formation of strong 
siloxane/titanium network after condensation reaction of silanol groups present in the IPTES 
+ Ti(iOP)4. These changes in the surface hydrophilicity are attributed mainly to the inter- and 
intramolecular association of hydrogen bonds between hydroxyl groups of aaHBP-OH and 
siloxan and titanium which occur during condensation and lead to an increase of contact 
angles. 
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Height image, Co-P4c/Ti10 
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Roughness (RMS) = 3.459 nm 
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Figure 3.57 Tapping mode AFM height (lift) and phase (right) images of a) unmodified polyester (Co-
P4) ,(b) modified Co-P4c (c) Co-P4c/Ti5 with 5%Ti(iOPr)4 (d)  Co-P4c/Ti10 with10% Ti(iOPr)4 (e) 
Co-P4c/Ti20 with 20% Ti(iOP)4. With increasing roughness from (RMS)=1.23 to 4.4 nm 
 
 
Co-P4c/Ti20   
Roughness Average (Ra) = 3.6 nm, Roughness (RMS) = 4.426 nm 
Figure 3.58 3D height image of Co-P4c/Ti20 hybrid coating  
(d) 
(e) 
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Figure 3.58 presents 3 dimensions (3D) height image of Co-P4c/Ti20 nano-hybrid coating 
with roughness RMS (rq) 4.4 nm. The roughness was increased by more than three times 
compared to that of pure aliphatic-aromatic hyperbranched polyester. 
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Figure 3.59 Contact angle measured on Co-P4 aliphatic- aromatic hyperbranched polyester,  modified 
aliphatic- aromatic hyperbranched polyester Co-P4c, P1c Ti10 and P1cTi10 hybrid coating.  
Figure 3.59 shows the effect of Ti(iOP)4 concentration on contact angle, the measured value 
of the contact angle for the aaHBP monolayer was 66°. At low concentration (5%), the value 
of contact angle is increased to approximately 86°. Beyond this concentration, there is a 
gradual increase in the contact angle with increase in the concentration until it reach to 91° for 
10wt% of Ti(iOPr)4(Table 3.17). This result can be attributed to the effect of the accumulation 
of particles at the surface, which hinders the penetration of the water droplet to the surface 
pores and in turn change the surface tension.  
Table 3.17 Contact angle data of Co-P4, Co-P4c and Co-P4c/Ti5-10 hybrid  coatings. 
 
Sample name  Contact angle (in °) 
Co-P4 66 
Co-P4c 86 
Co-P4c/Ti5 88 
Co-P4c/Ti10 90 
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¾ Effect of 1,6-Hexanediol Addition 
1,6-Hexanediol is used in the production of polyesters for polyurethane elastomers, coatings, 
adhesives and polymeric plasticizers. In these end use areas, it contributes significantly to 
many high performance characteristics such as hydrolytic stability, high flexibility, good 
adhesion and surface hardness. 1,6-hexanediol is a specialty intermediate chemical that is 
recognized as a valuable diol in various interesting application technologies. The specific 
structural configuration of 1,6-hexanediol is effective in providing exceptional stability 
characteristics in many of its derivatives. The longer carbon chain improves the flexibility in 
polymeric end use products while avoiding the formation of undesirable cyclic byproducts. 
The most important end uses for 1,6-hexanediol are found in surface coatings, polyurethanes 
and specialty acrylates. Other end uses include adhesives, polymeric plasticizers, unsaturated 
polyesters and dyestuffs.  In general, 1,6-hexanediol is used as a flexibilizing agent. It imparts 
high impact resistance and excellent low temperature properties in final products. Good color 
stability, caustic resistance and hydrolytic stability are other important features. 
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Figure 3.60 Effect of diol addition on contact angle of Co-P4c/Ti10/5-20diol hybrid coatings. 
Addition of diol into the aaHBPs treated with Ti(iOP)4 enhances the wetting property 
as shown in Figure 3.60. The figure shows that there is a gradual decrease in the contact 
angles with the increasing diol concentration. At low concentration (5 % diol), the contact 
angle value is 90 º and decrease to 80º At high concentration (20 % diol). This can be 
explained by the high amount of polar functional groups introduced into the aaHBPs. 
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 It can be seen clearly that the contact angles decrease with time, i.e. the hydrophilicity of the 
surface increases. These significant changes in the contact angle can be attributed mainly to 
the hydroxyl groups of diol and water. The hydroxyl is polarity and can interact well with 
water molecules through van der Waals’ force and hydrogen bond. Also hydroxyl groups 
existing in the films are attributed to the chemically adsorbed water molecules and some 
water molecules are physically adsorbed on the surface of TiO2. It can be explained that some 
adsorbed water molecules react with TiO2 and form Ti–OH groups. Generally, with the 
increasing of chemically absorbed –OH on the surface of TiO2 films, van der Waals forces 
and hydrogen bonds interactions between H2O and –OH will be increased. Consequently, 
water can easily spread across the surface and the hydrophilic property gets enhanced[242]. 
This will lead to the spreading of water droplet on the surface and a partial swelling, i.e., 
penetration of water molecules into the bulk phase of the polymer film and also the relaxation 
of hydroxyl groups at the surface, i.e., weakening and destruction of the existent network of 
hydrogen bonds and creation of a new one [107,139,140].  
 AFM images of the unmodified and modified aromatic hyperbranched polyester 
coating surfaces reveal a heterogeneous surface topology (Figure 3.61) that is consistent with 
the fact that the polymer chains, formed by polycondensation, are polydisperse. While there 
are obvious variations in surface roughness for the different polymer modified surfaces, AFM 
images at nanoscale resolution suggest that the surfaces are fully populated with polymer 
chains. Surface roughness of the aromatic hbp-modified thin film was significantly higher 
relative to the native polymer (aHBP-OH) (Figure 3.61). The native (aHBP-OH) was smooth 
with a root-mean-square (RMS) roughness of only rms=0.41 nm, which was smaller by a 
factor of 20–30 than the roughness of the Co-APa/Ti10 coating (Table 3.16). In the phase 
contrast image of Fig. 3.61 (c) and (d), the small bright (hard) domains were attributed to the 
titania phase, while the dark (soft) domains belong to the polymeric network. It demonstrates 
the topography of aromatic hyperbranched polyester hybrid coating of titanium that as the 
concentration of Ti increased the roughness of the coating increased from (rms) 0.41 to 11.7 
nm. This is a big difference between aaHBP(OH) and aHBP(OH) that the roughness increased 
to 11.7 nm in case of aHBP(OH) with just 10% Ti(iOP)4 than in aaHBP(OH) which increased 
to 2.5 nm. The results obtained were an agreement with the results of contact angle as shown 
in Figure 3.62. Contact angles were again measured as a function of time by dynamic contact 
angle tester (Fibro System, Sweden) equipped with a high-speed video camera according to 
the sessile drop method. The results of the water contact angle measurements for aHBP films 
are presented in Figure 3.62. Table 3.18 shows the contact angles of Co-AP1a/Ti5-10 hybrid 
coatings. The water contact angle data of Co-AP1, Co-AP1/Ti5, Co-AP1/Ti10 and Co-
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AP1/Ti20 were 66.5°, 87°, 89° and 91°, respectively. These data show that Co-AP1a/Ti5-10 
hybrid coatings were more hydrophobic nature with increased titanium concentration. This 
property might be due to the formation of strong siloxane/titanium network after condensation 
reaction of silanol groups present in the IPTES + Ti(iOP)4 , it has already discussed before. 
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Co-AP1a/ Ti10 
RMS=11.717, Ra=8.328 
Phase image 
 
Figure 3.61 AFM image topology (lift) and phase (right) images of a) aHBP cured film Co-AP1 (b) 
modified aHBP cured film Co-AP1a  (c)  Co-AP1a/Ti5 hybrid film (d) Co-AP1a/Ti10 with increasing 
roughness from (RMS)=0.414 to 11.72 nm. 
 
 
 
Aromatic , Co-AP1a/ Ti10 
RMS=11.717, Ra=8.32
 
Figure 3.62 Presents 3 dimensions (3D) height image of Co-AP1a/ Ti10 nano-hybrid coating with 
roughness RMS (rq) 11.71 nm. The roughness was increased by more than 25 times compared to that 
aromatic hyperbranched polyester. 
 
The effect of introducing Ti into modified aromatic hyperbranched polyester aHBP(OH) on 
its wetting properties was investigated Co-AP1a/Ti with different Ti were prepared as  cured 
thin films. The wetting properties were investigated using contact angle measurements. Figure 
3.63 shows the effect of Ti concentration on contact angle, the measured value of the contact 
angle for the aHBP(OH) was 66.5°. 
d 
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Figure 3.63 Contact angle of Co-AP1 aromatic hyperbranched polyester, Co-AP1a, Co-AP1a/Ti10 and 
Co-AP1aTi20 hybrid coating films. 
 
At low concentration (5%Ti), the value of contact angle is increased to approximately 87° and 
with 20% Ti the value of contact angle reaches 91°. Beyond this concentration, there is a 
gradual increase in the contact angle with increase in the concentration. Table 3.18 shows the 
contact angles of Co-AP1a/Ti cured hybrid coatings. The water contact angle data of Co-AP1, 
Co-AP1a/Ti5, Co-AP1a/Ti10 and Co-AP1a/Ti20 is 66.5°, 87°, 89° and 91°, respectively. 
These data show that Co-AP1a/ Ti10 hybrid coatings were more hydrophobic nature with 
increased titanium concentration. This property similar to aaHBP(OH) which have already 
discussed before.  
Table 3.18 Contact angle data of Co-AP1 and Co-AP1/Ti5-20 hybrid  coatings. 
 
Sample name  Contact angle (in °) 
Co-AP1 66.5 
Co-AP1/Ti5 87 
Co-AP1/Ti10 89 
Co-AP1/Ti20 91 
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Figure 3.64 effect of diol addition on contact angle of Co-AP1/Ti15 hybrid coatings. 
Figure 3.64 show effect of diol addition into the aHBPs treated with TiO2 enhances the 
wetting property. The Figure shows that there is a gradual decrease in the contact angles with 
the increasing diol concentration. At low concentration (5 % diol), the contact angle value is 
83º and decrease to 75º At high concentration (15 % diol). This can be explained by the high 
amount of polar functional groups introduced into the aHBPs. 
It can be seen clearly that the contact angles decrease with time, i.e. the hydrophilicity of the 
surface increases. These significant changes in the contact angle can be attributed mainly to 
the hydroxyl group of diol and water. The hydroxyl is polarity and can interact well with 
water molecules through van der Waals’ force and hydrogen bond. In addition, Hydroxyl 
groups existing in the films are attributed to the chemically adsorbed water molecules and 
some water molecules are physically adsorbed on the surface of TiO2. It can be explained that 
some adsorbed water molecules react with TiO2 and forms Ti–OH groups. Generally, with the 
increasing of chemically absorbed –OH on the surface of TiO2 films, van der Waals forces 
and hydrogen bonds interactions between H2O and –OH will be increased. Consequently, 
water can be easily spread across the surface and the super-hydrophilic property gets 
enhanced[242]. This will lead to the spreading of water droplet on the surface and a partial 
swelling, i.e., penetration of water molecules into the bulk phase of the polymer film and also 
the relaxation of hydroxyl groups at the surface, i.e., weakening and destruction of the 
existent network of hydrogen bonds and creation of a new one [107,139,140]. 
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3.2.2.3 TEM Measurements 
AFM images do not allow a reliable estimation of the size of the TiO2 particles in the matrices 
because they only represent a picture of the surface topography. Therefore, the samples were 
submitted to more reliable bulk analyses like TEM. 
The hybrid materials specimens were prepared by dropping the specimen solution (hb 
polyesters + Ti(iOPr)4 + H2O +1,6 diisocyanatohexane + dibutyltin dilaurate in DMAc) on 
carbon coated copper grid to form a very thin cured hybrid films (S160-3 Plano GmbH). The 
hybrid films were optically transparent; this could be evidence that the organic-inorganic 
phase separation is of a scale smaller than 400 nm. The formation of inorganic domains in the 
nanometer size range was further confirmed by TEM analysis. In Figure 3.65 the bright field 
TEM micrograph for cured films obtained from the mixture containing 5, 10, 20 wt.-% 
Ti(iOPr)4 are reported in the presence and absence of IPTES as a modified polymer, 
respectively. These images of the modified aliphatic-aromatic hyperbranched polyester of 
organic phases are strictly interconnected with no macroscopic phase separation, which might 
have occurred during the curing process; the titania domains, generated by the sol-gel process, 
are embedded in the polymeric matrix on nanometric scale of  2-5 , 5-8, 5-10 nm for 5%, 
10%, 20% Ti(iOP)4, respectively. This result indicates that, it can stabilized TiO2 nanoparticle 
with the modified polymer even at 20% Ti(iOPr)4, the highest concentration of titanium. 
Figure 3.64 shows the TEM pictures obtained for the pure matrix, and for the unmodified and 
modified polymer prepared adding 20 wt.-% of Ti(iOPr)4. It can be clearly seen that we 
obtained much smaller particles when the modified polymer is used as a matrix: in fact, in this 
case, 5 nm average sized particles were obtained, while in the case of the unmodified 
polymer, 60 nm average sized particles had been obtained. This allows to conclude that the 
modification reaction allows a better stabilization of the TiO2 nanoparticles probably already 
during the sol-gel reaction in solution. It is possible, anyway, to observe the important role of 
the aaHPB/IPTES coupling agent controlling the level of agglomeration of the inorganic 
particles generated via sol-gel. In the absence of IPTES (Figure 3.65 a,c,e) the TiO2 particles 
tend to agglomerate and give rise to the formation of larger size inorganic domains. This is 
evidence that aaHPB/IPTES, acting as a coupling agent, can condense through siloxane 
groups with TiO2 and copolymerize with HBP (Figure 3.65 b,d,f).  
The strong chemical-bond interaction between the organic and inorganic domains, through the 
aaHPB/IPTES coupling agent, is therefore crucial to avoid macroscopic phase separation, and 
it is able to reduce inorganic size domains. Hybrid materials, with interconnected and 
interpenetrating organic-inorganic network, can be achieved. 
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Figure 3.65 TEM image of the coatings obtained from unmodified matrix Co-P4/Ti5-20 containning a) 
5% c) 10% e) 20 %Ti(iOPr)4 and modified Co-P4a/Ti5-20 containing  b) 5% d) 10% f) 20 wt % of 
Ti(iOPr)4, respectively. 
(e) 100 nm
(b)
50 nm
(a) 100 nm
(f) 50 nm
(c) 100 nm (d) 50 nm
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For aromatic hyperbranched polyester, The hybrid materials specimens were prepared by 
dropping the specimen solution (hb polyesters + 1,6 diisocyanatohexan in DMAC) on carbon 
coated copper grid to form a very thin hybrid film  (S160-3 Plano GmbH). In addition, the 
coatings films were optically transparent; this could be evidence that the organic-inorganic 
phase separation is also in of a scale smaller than 400 nm. In Figure 3.66, the bright field 
TEM micrograph for cured films obtained from the mixture containing 5, 10, 20 wt.-% of 
Ti(iOPr)4 are reported in the presence and absence of IPTES as a modifying agent, 
respectively. These images of the modified aromatic hyperbranched polyester of organic 
phases are strictly interconnected with no macroscopic phase separation, which might have 
occurred during the curing process; the titania domains, generated by the sol-gel process, are 
embedded in the polymeric matrix on nanometric scale of 5-7, 5-9, 5-12 nm for 5%, 10%, 
20% Ti(iOPr)4, respectively. This result indicate that, it can stabilized TiO2 nanoparticle with 
the modified polymer (the aHBP/IPTES coupling agent) even at 20% Ti(iOPr)4, the higher 
concentration of titanium. Figure 3.66 shows the TEM pictures obtained for the pure matrix, 
and for the unmodified and modified polymer prepared adding 20 wt.-% of Ti(iOPr)4. It can 
be clearly seen that we obtained much smaller particles when the modified polymer is used as 
a matrix. In fact, in this case, 10 nm average sized particles were obtained, while in the case 
of the unmodified polymer, it attends to agglomerate giving rise to the formation of large size 
inorganic domains and there is a phase separation between the organic and iorganic domains. 
This allows to conclude that the modification reaction allows a better stabilization of the TiO2 
nanoparticles probably already during the sol-gel reaction in solution. Anyway, It is possible 
to observe the important role of the aHBP/IPTES coupling agent controlling the level of 
agglomeration of the inorganic particles generated via sol-gel. In the absence of aHBP/IPTES 
(Figure 3.66 a,c,e) the TiO2 particles tend to agglomerate giving rise to the formation of larger 
size inorganic domains and there is macroscopic phase separation. This is evidence that 
aHBP/IPTES, acting as a coupling agent, can condense through siloxane groups with TiO2 
and copolymerize with HBP. The strong chemical-bond interaction between the organic and 
inorganic domains, through the aHBP/IPTES coupling agent, is therefore crucial to avoid 
macroscopic phase separation, and it is able to reduce inorganic size domains. Hybrid 
materials, with interconnected and interpenetrating organic-inorganic network, can be 
achieved. 
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Figure 3.66 TEM image of the coatings obtained from aHBP-OH unmodified matrix  containing a) 5% 
c) 10% e) 20% of Ti(iOPr)4 and aaHBP-OH modified containing b) 5%  d) 10% f) 20 wt % of 
Ti(iOPr)4, respectively. 
(c) (d)
(e) 
(a) (b)
(f)
100 nm 100 nm
100 nm 100 nm
100 nm100 nm
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There was another method to obtain the particle size of the hybrid film. The hybrid materials 
specimens were prepared by dropping the specimen hybrid solution (modified hb polyesters+ 
Ti(iOPr)4 +H2O+1,6 diisocyanatohexane +dibutyltin dilaurate in DMAc) onto a Teflon mold. 
The film was cured at 70ºC for 2 days in oven. The thin sections (nominally 70 nm) for TEM 
were cut out of the cured foils with a diamond knife at room temperature using an Ultracut 
UC6 Ultramicrotome (Leica Mikrosysteme Vertrieb GmbH).  
The HBP can act as a coupling agent, on the one hand with the organic matrix through 
modification reaction involving phenolic groups (as previously discussed), and condensing on 
the other hand with the silica network through its ethoxysilyl groups. The addition of the 
ethoxysilyl-modified HBP can induce a strong chemical interaction between the organic and 
inorganic moieties, which is crucial for the formation of the nanocomposite films. In this way, 
it is possible to obtain hybrid organic-inorganic coatings as already reported in 
literature[243,244] , the generated Ti(iOPr)4 precursor with H2O, can catalyze the hydrolysis and 
condensation reaction of ethoxysilylsilane groups, which through the sol-gel process will 
generate in-situ titania domains. All the formulations gave rise to hybrid coating films 
characterized by a high gel content values (equal or higher than 90%, see Table 3.16) 
indicating the formation of a completely insoluble network. 
 The hybrid coating films using the partially ethoxysilyl-modified aaHBPs were optically 
transparent. This can be evidence that the organic–inorganic phase separation is on a scale 
smaller than 400 nm whereas the curing of aaHBP with Ti(iOPr)4 results in an opaque and 
inhomogeneous film containing large and only loosely attached TiO2 particles (Figure 3.67) 
which was not further analyzed. The formation of strong interactions between the organic and 
inorganic moieties in the presence of aaHBP-P4a-c was further confirmed by morphological 
investigation employing TEM analysis. 
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Figure 3.67 TEM images of the cured aaHBP film with 20% TiO2: left) large area picture of the cut 
film on a TEM grid; right) enlarged part of the film showing some broken out titania particles. 
In Figure 3.68 bright field TEM micrographs are reported for cured films obtained from the 
mixture containing Co-P4a/Ti10 (Figure 3.68a), Co-P4b/Ti10 (Figure 3.68b) and Co-
P4c/Ti10 (Figure 3.68c) which with always 10 wt% TiO2 as inorganic precursor (Table 3.16). 
These images show that the organic and inorganic phases are strictly interconnected with no 
macroscopic phase separation. Only with Co-P4a/Ti10, having the lowest amount of 
ethoxysilyl groups, one can detected some darker low contrast clusters indicating to titania 
domains of 5-15 nm in size whereas in the other films no obvious titania particles can be seen 
even in the highest magnification pointing to actually the formation of extremely small titania 
particles (2-3 nm) and most probable even the formation of a strongly interconnected hybrid 
organic–inorganic network. 
Therefore, increasing the ethoxysilyl modification percentage to the HBP allows achieving 
smaller titania domains and stronger interconnected networks. These data are in accordance 
with the previous data reported in literature in which it was shown that the silica cluster 
decrease in size by increasing the coupling agent content [245]. Actually, by increasing the 
ethoxysilyl modification percentage into the HBP, we also increase the coupling agent content 
in the system; however, it looks like connecting of the ethoxysilane groups to the HBP 
renders the coupling even more effective and favours organic-inorganic co-network 
formation. Clearly, this study shows that the strong chemical-bond interaction between the 
organic and inorganic domains, using ethoxysilyl modified HBP as a coupling agent, is 
crucial to avoid macroscopic phase separation, and it is even able to reduce inorganic size 
domains below 3 nm. Further confirmation of the interaction between inorganic material 
(TiO2) and the coupling agents of the aaHBP(OH)-P4a-c additive comes from the very high 
gel content values (always equal or higher than 97%, see Table 3.16).  
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Figure 3.68 a. TEM micrographs of two magnifications for cured hybrid systems Co-P4a/Ti10 
containing 10 wt% of Ti(iOPr)4. b. TEM micrographs of two magnifications for cured hybrid systems 
Co-P4b/Ti10 containing 10 wt% Ti(iOPr)4. C. TEM micrographs of two magnifications for cured 
hybrid systems Co-P4c/Ti10 containing 10 wt% of Ti(iOPr)4. 
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In Figure 3.69 bright field TEM micrographs are reported for cured films obtained from the 
mixture aHBP(OH) containing Ti(iOPr)4 Co-APa/Ti10 (Figure 3.69a), or Co-APb/Ti10 
(Figure 3.69b) and with always 10 wt% TiO2 as inorganic precursor (Table 3.16). These 
images show that the organic and inorganic phases are strictly interconnected with no 
macroscopic phase separation. Only with aHBP-P1a, having the lowest amount of ethoxysilyl 
groups, one can detected some darker low contrast clusters indicating to silica domains of 5–
10 nm in size whereas in the other films no obvious titania particles can be seen even in the 
highest magnification pointing to actually to the formation of extremely small titania particles 
(2–3 nm) and most probable even the formation of a strongly interconnected hybrid organic–
inorganic network. Therefore, increasing the ethoxysilyl modification percentage to the HBP 
allows achieving smaller titania domains and stronger interconnected networks. These data 
are in accordance with the previous data reported in literature. 
  
  
Figure 3.69  a. TEM micrographs of two magnifications for cured hybrid systems a) Co-APa/Ti10 
containing 10 wt% of Ti(iOPr)4. b. TEM micrographs of two magnifications for cured hybrid systems 
Co-APb/Ti10 containing 10 wt% of Ti(iOPr)4.  
500 nm
500 nm
20 nm
20 nma 
b 
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3.2.2.4 Electron Energy Loss Spectroscopy (EELS) 
EELS can be applied with several techniques, but always involves the bombardment of a 
sample with a monoenergetic beam of electrons. The technique is frequently used in 
association with Transmission Electron Microscopy (TEM) or Scanning TEM (STEM). The 
electrons impinging on the sample may lose energy by a variety of mechanisms. These losses 
can reveal the composition of the sample in TEM or STEM. Plasmon losses are a frequent 
cause of energy loss. Plasmons are collective excitations of the electron gas in the material 
and are typically several electron Volts in magnitude. Phonon losses can also occur, which are 
much smaller, and the energy spread of the monoenergetic beam must be particularly small to 
detect such losses. Phonons are quantized sound waves within the solid. In TEM or STEM, 
the losses predominantly occur in the bulk of the sample, as the beam travels through the thin 
specimen to the EELS detector on the other side. In surface science techniques, the electron 
beam is usually reflected of the surface resulting in a sharp peak corresponding to elastically 
scattered electrons with a number of peaks at lower energy, which correspond to plasmon or 
other excitations.  
 
Scheme 3.16 Possible edges due to the inner shells Ionization 
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The EELS spectra collected from the TiO2 films are shown in Figure 3.70. The spectrum 
gives us an indication of the existence of Ti nanoparticle in the sample of small size 2-3 nm. 
In addition, no shift of Ti–L2,3 (scheme 3.16) edges is observed and splitting of Ti–L2,3 and 
O–K edges is clearly evident for the TiO2 film, verifying that the oxygen content is close to 
the stoichiometric value. 
 
Figure 3.70 EELS spectra collected from the TiO2 film on grid on TEM,Ti-L2,3 and O-K for Co-
P4c/Ti10. 
For aromatic hyperbranched polyester, it gives the same character of aliphatic-aromatic 
hyperbranched polymer. The EELS spectra collected from the TiO2 films are shown in Figure 
3.71. The spectrum gives us an indication of the existence of Ti nanoparticle in the sample of 
smaller size 2-3 nm. In addition, no shift of Ti-L2,3 edges is observed and splitting of Ti-L2,3 
and O-K edges is clearly evident for the TiO2 film, verifying that the oxygen content is close 
to the stoichiometric value. These results are in agreement with the results of XPS, which will 
be discussed later. 
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Figure 3.71 EELS spectra collected from the TiO2 film on grid on TEM,Ti-L2,3 and O-K for Co-
APb/Ti10. 
3.2.2.5 Size and Shape of Nanocrystallites in TiO2 Films  
Titanium dioxide nanostructures have been widely investigated as materials for solar cells, 
photocatalysis, optoelectronic devices, photoelectrochromic windows, and sensors. For these 
applications, the forms of titania-their crystal size, shape, and structure—are critically 
important to their performance. The simplest and most commonly reported synthetic 
procedure for preparing TiO2 nanostructures is the sol–gel method in which titanium alkoxide 
or titanium chloride precursors are hydrolyzed in an aqueous solution. Nanoparticles, 
nanowires, nanotubes, and ordered 2- and 3-dimensional porous films are just some of the 
architectures available to researchers via sol–gel chemistry. Despite the research advances in 
this area, it is still challenging to predict a priori the crystal size and structure from a 
particular synthetic protocol. Furthermore, the reproducible synthesis of small-batch TiO2 
nanocrystals remains a challenge. The synthetic knowledge to vary systematically the 
morphological and electronic properties of nanostructured systems in a reproducible way is 
important for advancing both fundamental and applied research. This is especially true for 
TiO2 nanoparticles used in the fabrication of mesoporous films for dye-sensitized solar cells 
(DSSCs; Grätzel cells), one of the promising unconventional future technologies of interest to 
the solar cell community. For instance, varying the particle shape can affect the particle 
packing density, which, in turn, can alter light harvesting and electron transport in TiO2 films. 
Variation in the particle density (porosity) changes the average coordination number of 
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particles in films, the consequence of which alters the electron transport pathway and, 
therefore, the electron dynamics [246,247]. 
Although the sol–gel process is the general method for preparing TiO2 particles for, small 
differences in the syntheses can affect the film morphology and, consequently, the solar 
conversion efficiency. Synthetic parameters known to influence the TiO2 particle size, shape, 
and crystal structure include the titania precursor, the acid catalyst used in hydrolysis, and the 
autoclave pH, time and temperature. For instance, varying the autoclave temperature has led 
to particles with sizes between 10.8–14.5 nm [247]. 
 
Co-AP1a/Ti10 Co-AP1b/Ti20 
 
Co-P4a/Ti20 
 
Co-P4a/Ti5 Co-P4c/Ti10 Co-P4a/Ti10 
Figure 3.72 TEM images of titania nanocrystallites. 
Figure 3.72 shows TEM micrographs of titania polymer nanoparticles obtained at different 
titanium loaded concentration at room temperature in normal ph and this can give an 
indication to formation a small size in normal condition than used an acidic catalyst and the 
autoclave pH, time and temperature. These results have already obtained randomly and it can 
obtain better results in the future. Well-defined geometric shapes with slight aggregation of 
titania nanoparticles were observed. This result is consistent with experimental and 
theoretical[247]studies, which show that the truncated octahedral crystal geometry, dominated 
surfaces, is the most thermodynamically stable geometry for the anatase crystal phase [246].  
100 nm100 nm
100 nm 100 nm 20 nm
100 nm 
Results and Discussion                                                                                  130 
3.2.2.6 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy proved to be a highly sensitive analytical tool in studying 
TiO2 nanoparticles embedded in a polymer matrix. The XPS analysis of various surfaces 
contained of the hyperbranched polyester, and TiO2, provides details of the chemistry of the 
surface. aaHBP/TiO2 hybrid thin films, prepared over silicon oxide wafer by spin coating, was 
examined by X-ray photoelectron spectroscopy to verify the chemical composites of hybrid 
TiO2/aliphatic-aromatic hyperbranched polyester system. 
 
Figure 3.73 Survey scan results of the XPS spectroscopy for Co-P4c/Ti10 hybrid coating film. 
 
The chemical nature of Co-P4a/Ti5 nanoparticles prepared via a sol-gel process was 
confirmed by XPS. The survey scan (Figure 3.73) clearly shows the presence of C, Ti, and O 
on the Co-P4a/Ti5 nanoparticles mat. surface. Figure 3.73 is the resolution C1s spectrum, 
which apparently shows that it spans over an energy range of 292-280 eV. The peak at 285 eV 
is assigned to the existence of C-C and C-H bonds originated from the polymer matrix. 
Furthermore, it can be ascribed to C-O and C=O bonds of the polymer matrix, 
respectively[248]. 
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Figure 3.74 Survey scan results of the XPS spectroscopy for Co-P4a/Ti5, high-resolution Ti2p 
spectrum. 
 
Figure 3.74 reveals the characteristic doublet of Ti 2p3/2 and Ti 2p1/2 at 458.60 and 463.66 eV, 
which are in a good agreement with the requirement for the valence state of Ti4+ in TiO2 as 
reported in the literature [248]. These results illustrate that the condensation reaction could 
occur to promote the titania formation under the mild hydrothermal treatment below Tg of 
aliphatic-aromatic hyperbranched polyester. 
 
For aromatic hyperbranched polyester, the chemical nature of Co-AP1a/Ti5 nanoparticles 
prepared via a sol-gel process was confirmed by XPS. The survey scan (Figure 3.75) clearly 
shows the presence of Si, Ti, and O on the Co-AP1a/Ti5 nanoparticles mat surface. Figure 
3.76 reveals the characteristic doublet of Ti 2p3/2 and Ti 2p1/2 at 458.60 and 463.66 eV, which 
are in a good agreement with the requirement for the valence state of Ti4+ in TiO2 as reported 
in the literature[248]. These results are very similar to aliphatic-aromatic hyperbranched 
polyester illustrate that the condensation reaction could occur to promote the titania formation 
under the mild hydrothermal treatment below Tg of aromatic hyperbranched polyester. 
Ti 2p3/2 
Ti 2p1/2 
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Figure 3.75 Survey scan results of the XPS spectroscopy for Co-AP1a/Ti5 hybrid coating film. 
 
 
Figure 3.76 Survey scan results of the XPS spectroscopy for Co-AP1a/Ti5, high-resolution Ti2p 
spectrum. 
Ti 2p3/2 
Ti 2p1/2 
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3.2.2.7 Thermal Properties of Coatings 
The thermal behavior of the cured hybrid film was evaluated by means of DSC and TGA 
analysis. Figure 3.77 shows the DSC thermograms of the different plain aaHBP matrices 
cured with diisocyanate as well as the nanocomposites [20wt.-% Ti(iOPr)4 precursor] formed. 
The coating prepared from modified Co-P4a is characterized by a higher Tg value (105ºC) 
with respect to the coating obtained from the unmodified Co-P4 (90ºC). When TiO2 is present 
inside the polymeric coating, a clear increase in Tg value is obtained in the case of 
unmodified aaHBP-OH, and Tg shifts from 90 to 125ºC. However, when the modified Co-
P4a/Ti20 is used as a matrix, no Tg is detectable at all. This result is in agreement with the 
literature and it can be explained taking into account that the particular good interaction 
between the modified polymer and the inorganic particles strongly limits the mobility of the 
polymeric chains shifting the Tg to very high values and probably near to the decomposition 
temperature no longer detected in our measurements [19,220]. In addition, an increase in Tg in 
the rubbery plateau is observed with increasing IPTES content in the curable formulation. 
Both, the increase in Tg values, can be attributed to strong and extensive interfacial 
interactions between the organic and inorganic phase. In fact, the inorganic silica and titania 
particles, formed during the sol-gel process, can restrict the segmental motion of the 
polymeric chains, and increase the crosslinking density in the polymer network. 
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Figure 3.77 DSC thermograms of the coatings obtained from the aliphatic-aromatic hyperbranched 
polymer Co-P4, modified Co-P4a and Co-P4/Ti20, Co-P4a/Ti20 hybrid coating film containing 20 
wt.-% Ti(iOPr)4. 
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For using a lower concentration of Ti, Figure 3.78 shows the DSC thermograms of the 
different aaHBP matrices cured with diisocyanate as well as the nanocomposites [10wt% 
Ti(iOPr)4 precursor] formed. However, 10wt% Ti(iOPr)4 is used as a precursor for the 
polyester matrix, Tg is detectable at all, and shifted to a higher value 130ºC. The increase in 
Tg values can be attributed to strong and extensive interfacial interactions between the organic 
and inorganic phase. In fact, the inorganic silica and titania domain, formed during the sol-gel 
process, can restrict the segmental motion of the polymeric chains and increase the 
crosslinking density in the polymer network. The increase in constrains on the segmental 
motions of the polymeric chain is mainly due to uniform distribution and a good interfacial 
adhesion between the organic and inorganic networks, which is assured by the presence of the 
coupling agent, IPTES. This result is in agreement with the literature [11] and it can be 
explained taking into account that the particular good interaction between the modified 
polymer and the inorganic particles strongly limits the mobility of the polymeric chains 
shifting the Tg to very high values and probably near to the decomposition temperature. 
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Figure 3.78 DSC thermograms of the coatings obtained from the aliphatic-aromatic hyperbranched 
polymer Co-P4, modified Co-P4a and Co-P4/Ti10, Co-P4a/Ti10 hybrid coating film containing 20 
wt.-% Ti(iOPr)4. 
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The thermal stability of the crosslinked networks plays an important role and is greatly 
influenced by the structure, chemical composition, cohesive energy between molecular 
chains, rigidity, different interaction parameters and other chemical structural factors like 
steric strain, conformational arrangements of groups, etc. The same coatings were also 
submitted to TGA analysis and the corresponding thermograms are reported in Figure 3.79. 
The thermogravimetric curves of Co-P4 and Co-P4a (Table 3.16) suggest a predominant 
single step decomposition profile with a small-tail decomposition step at higher temperature. 
However, Co-P4/Ti20 and Co-P4a/Ti20 hybrid coatings show two-step degradation, with an 
initial weight loss of about 1.7–3.4% at 100ºC due to the release of moisture. The TGA curves 
for each sample start to differ significantly only above 330ºC. In fact, in the first part of the 
curves the evaporation of the residual solvent DMAc still present in the coating is dominant. 
As an example, we conducted some experiments in isothermal heating at 200ºC for 2 h on the 
coating obtained from Co-P4a/Ti20 and Co-P4/Ti20. It has been evaluated that the solvent 
content is between 10 and 15 wt.-% depending on the sample. Nevertheless, the thermograms 
show that the presence of the TiO2 inside the coating enhances their thermal stability at high 
temperatures. The strongest effect is obtained when the modified polymer Co-P4a is used as a 
matrix for 20 wt.-% of titania precursor. The temperature at which the material reaches to the 
maximum rate of weight loss (Tmax1) and (Tmax2) is about 340 and 465ºC compared to 
340ºC, corresponding to Co-P4, respectively (see Table 3.19). In general, the trends for the 
thermal stability of the studied coatings follow this sequence: Co-P4a/Ti20 > Co-P4/Ti20 > 
Co-P4a > Co-P4. The data from Table 3.19 shows that the T10 degradation temperature was 
increased with increasing the concentration of IPTES in the hybrid. The characteristic 
decomposition data suggest that the thermal stability of the hybrid films increases as the 
IPTES content is increased. The above result might be observed due to the fact that the chain 
motions of polymer molecules in these siloxane and titania networks were barred and limited 
which results in an enhancement in the thermal stability of Co-P4a/Ti20 hybrid 
coatings[217,216]. As the TGA measurements were performed in N2, the degradation of the 
samples may not be complete even at high temperature and, therefore, the residue is still high 
even for the matrices not containing TiO2. Moreover, the comparison between the samples 
containing TiO2 and the pure matrices shows that the difference in the residual weight at 
800ºC is higher than the theoretical amount of TiO2 present in the hybrid materials. This can 
be explained taking into account that, if the dispersion of the inorganic particles inside the 
matrix is particularly good and the formation of covalent bonds between the two phases 
occurs, some organic chains may remain trapped inside the inorganic network giving a higher 
residue at a higher temperature than expected [146].    
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Table 3.19 Thermal data of aliphatic-aromatic hyperbranched polyester Co-P4, the modified 
Co-P4a and Co-P4/Ti20 , Co-P4a/Ti20 hybrid coatings. 
 
Sample T10  ºC Tmax1 ºC Tmax2 ºC Char content at 800ºC , % 
Co-P4 227 340 ----- 14.4 
 Co-P4a 235 450 ------ 21.8 
 Co-P4/Ti20 270 338 445 31.3 
 Co-P4a/ Ti20 278 358 465 33.3 
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Figure 3.79 TGA thermograms of aliphatic-aromatic hyperbranched polyester Co-P4, the modified 
Co-P4a and Co-P4/Ti20, Co-P4a/Ti20 hybrid coatings containing 20 wt.-% Ti(iOPr)4. 
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However, in case of aromatic hyperbranched polyester, Figure 3.80 shows the DSC 
thermograms of the aHBP(OH) matrices cured with different titanium concentrations. The 
coating prepared from AP1/Ti20 characterized by a higher Tg value (109ºC). When TiO2 is 
present inside the polymeric coating, a clear increase in Tg value is obtained in the case of 
unmodified aHBP-OH, and Tg shifts to 109ºC. The increase in Tg values can be attributed to 
strong and extensive interfacial interactions between the organic and inorganic phase. In fact, 
the inorganic silica and titania domain, formed during the sol-gel process, can restrict the 
segmental motion of the polymeric chains and increase the crosslinking density in the 
polymer network. The increase in constrains on the segmental motions of the polymeric chain 
is mainly due to uniform distribution and a good interfacial adhesion between the organic and 
inorganic networks, which is assured by the presence of the coupling agent, IPTES. This 
result is in agreement with the literature [11] and it can be explained taking into account that 
the particular good interaction between the modified polymer and the inorganic particles 
strongly limits the mobility of the polymeric chains shifting the Tg to very high values and 
probably near to the decomposition temperature. 
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Figure 3.80 DSC thermograms of the coatings obtained from the pure matrix and from the polymers 
containing different wt% of  Ti(iOPr)4. 
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The same coatings were also submitted to TGA analysis and the corresponding  thermograms 
are reported in Figure 3.81 All the polymers show two-step degradation, with an initial weight 
loss of about 2.5–3.8% at 100ºC due to the release of moisture. The TGA curves for each 
sample start to differ significantly only above 310ºC. In fact, in the first part of the curves the 
evaporation of the residual solvent DMAc still present in the coating is dominant. As an 
example, we conducted some experiments in isothermal heating at 200ºC for 2 h on the 
coating obtained from AP1a/Ti15 and AP1(Table 3.16). It has been evaluated that the solvent 
content is between 10 and 15 wt.-% depending on the sample. Nevertheless, the thermograms 
show that the presence of the TiO2 inside the coating enhances their thermal stability at high 
temperatures. The strongest effect is obtained when the modified polymer AP1a/Ti15 is used 
as a matrix for 15 wt.-% of titania precursor. The temperature at which the material reaches to 
the maximum rate of weight loss (Tmax1)and (Tmax2) is about 311 and 458ºC compared to 
313 and 386ºC, corresponding to Co-AP1, respectively (see Table 3.20). In general, the trends 
for the thermal stability of the studied coatings follow this sequence: Co-AP1 > Co-AP1/Ti5 > 
Co-AP1/Ti10> AP1a/Ti15. The data from Table 3.20 shows that degradation temperature was 
increased with increasing the concentration of IPTES in the hybrid. The characteristic 
decomposition data suggest that the thermal stability of the hybrid films increases as the 
IPTES content is increased The above result might be observed due to the fact that the chain 
motions of polymer molecules in these siloxane and titania networks were barred and limited 
which results in an enhancement in the thermal stability of aHBP-Si/titania hybrid 
coatings[216, 217]. As the TGA measurements were performed in N2, the degradation of the 
samples may not be complete even at high temperature and, as a consequence, the residue is 
still high even for the matrices not containing TiO2. Moreover, the comparison between the 
samples containing TiO2 and the pure matrices shows that the difference in the residual 
weight at 800ºC is higher than the theoretical amount of TiO2 present in the hybrid materials. 
This can be explained taking into account that, if the dispersion of the inorganic particles 
inside the matrix is particularly good and the formation of covalent bonds between the two 
phases occurs, some organic chains may remain trapped inside the inorganic network giving a 
higher residue at a higher temperature than expected [146].  All the formulations gave rise to 
cured films characterized by a high gel content values (equal or higher than 95%, see Table 
3.16) indicating the formation of a completely insoluble network and therefore confirming the 
efficiency of the cure process. 
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Figure 3.81 TGA curves for cured films obtained in the presence of increasing amounts of TiO2. 
 
 
Table 3.20 Thermal data of aromatic hyperbranched polyester AP1and Co-AP1/Ti5-20  
hybrid coatings. 
 
Sample T10  ºC Tmax1 ºC Tmax2 ºC Char content at 800ºC , % 
 Co-AP1 220 313 386 21.4 
 Co-AP1/Ti5  255 321 444 36.8 
 Co-AP1/Ti10 257 317 447 38.1 
 Co-AP1/Ti20 233 311 458 43.4 
 
The aromatic modified and unmodified with TiO2 coatings were also submitted to TGA 
analysis and the corresponding thermograms are reported in Figure 3.82. All the polymers 
show two-step degradation, with an initial weight loss of about 2.6–3.6% at 100ºC due to the 
release of moisture. On the other hand, Co-AP1a/Ti15shows the highest thermal stability, of 
degradation at 466ºC. However, Co-AP1shows the least thermal stability of degradation at 
387ºC. The relative thermal stability data of Co-AP1, Co-AP1a, Co-AP1/Ti15 and Co-
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AP1a/Ti15 hybrid coatings were evaluated from thermograms and are reported in Table 3.21.  
In general, the trends for the thermal stability of the studied coatings follow this sequence: 
Co-AP1a/Ti15> Co-AP1/Ti15> Co-AP1a > Co-AP1. The data from Table 3.21 shows that the 
degradation temperature was increased with increasing the concentration of IPTES in the 
hybrid. The above result might be observed due to the fact that the chain motions of polymer 
molecules in these siloxane and titania networks were barred and limited which results in an 
enhancement in the thermal stability of Co-AP1a/Ti15hybrid coatings [19,10,165]. 
Table 3.21 Thermal data of Co-AP1, Co-AP1a, Co-AP1/Ti15 and Co-AP1a/Ti15 hybrid 
coatings. 
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Figure 3.82 TGA thermograms of aromatic hyperbranched polyester AP1, the modified Co-AP1and 
Co-AP1/Ti15 , Co-AP1a/Ti15 hybrid coatings the containing 15 wt.-% Ti(iOPr)4. 
Sample T10 ºC Tmax1 ºC Tmax2 ºC Char content at 800 ºC , % 
Co-AP1 220 313 386 21.4 
Co-AP1a 250 320 436 37.5 
Co-AP1/Ti15 233 311 458 43.4 
 Co-AP1a/Ti15 274 323 466 40,4 
Results and Discussion                                                                                  141 
3.3   Chapter 3 Ethoxysilyl-Modified Hyperbranched Polyesters as Mulitfunctional 
Coupling Agents for Epoxy-Silica Hybrid Coatings 
 
Partially ethoxysilyl-modified hyperbranched aliphatic-aromatic polyesters (aaHBPs) were 
effectively used as multi-site coupling agents in the preparation of organic-inorganic UV-
thermal dual-cured epoxy/TEOS coatings. Through chain transfer reaction of the phenolic 
terminal units of the HBPs effective incorporation in the epoxy resin is achieved in the photo-
initiated cationic polymerization whereas the ethoxysilane groups allow effective formation of 
a strongly interconnected inorganic-organics network during the in-situ sol-gel process with 
TEOS by binding the organic to the inorganic phase.  
OC
OCONH(CH2)3Si(OEt)3
OOC
OH
O
n, HBP
 
aaHBP-P1a to aaHBP-P1c CE 
Scheme 3.17 Components of the coating formulations. 
 
3.3.1 Coating Preparation 
The polymerization of aaHBP-P1 has been performed as described in reference [68,146 ], and in 
detail in pervious chapters. Degree of modification was calculated to be of respectively 10%, 
25% and 60% (evaluation of the 1H NMR signals at 3.8-3.7 due to the methylene groups in 
the ethoxysilane and 1.63-1.52 due to the methyl groups in the ethoxysilane) as shown in 
Table 3.9. 
The ethoxysilyl-modified HBP was added to the epoxy resin at a content of 20 wt%. The 
inorganic precursor, TEOS, was added to the formulation in the range between 15 and 30 
wt%. The relative weight content of the different photocurable formulations are reported in 
Table 3.22. Triphenylsulfonium hexafluoroantimonate was added to all the formulations at    
2 wt% with respect to the CE content. 
The formulations were coated on glass slides by means of a wire wound applicator and cured 
with a medium vapour pressure mercury dynamic UV lamp (Fusion, H bulb) with an intensity 
O
O
OO
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on the surface of the sample of 350 mW/cm2 (measured with EIT instrument) and a belt speed 
of 6 m/min. 
The UV curing was followed by thermal treatment at 100°C for 4 h in high humid atmosphere 
(95-98% relative humidity controlled by a saturated solution of aqueous NH4H2PO4). The UV 
induced process leads to the formation of the organic polymer network, by cationic ring-
opening polymerization of epoxy group initiated by a photogenerated Brönsted acid. In these 
acidic conditions, under high humidity, alkoxysilane groups undergo hydrolysis and 
condensation reaction generates siloxane crosslinks (sol-gel process) with the formation of 
strictly interconnected organic-inorganic hybrid material. 
Table 3.22 Weight percentage composition of the photocurable formulations. 
 
Sample CE 
wt-% 
HBP-P1 
wt% 
TEOS 
wt-% 
CE 100 0 0 
CE-HBP-P1a 80:20 80 20 0 
CE-HBP-P1b 80 :20 80 20 0 
CE-HBP-P1c 90 :10 90 10 0 
CE-HBP-P1c 80 :20 80 20 0 
CE-HBP-P1a + 30% TEOS 56 14 30 
CE-HBP-P1b + 30% TEOS 56 14 30 
CE-HBP-P1c + 15% TEOS 68 17 15 
CE-HBP-P1c + 30% TEOS 56 14 30 
 
Ethoxysilyl-modified aaHBP were synthesized as shown in chapter 1, with the aim to be used 
at the same time as coupling agent in the preparation of organic-inorganic UV-thermal dual-
cured epoxy coatings. It is known from previous studies on the unmodified HBP based on the 
AB2 monomer 4,4-bis(4-hydroxyphenyl) valeric acid [10,11] that the terminal phenolic groups 
of the polyester act in the cationic photo-induced epoxy polymerization as transfer agents (see 
below) and thus, the aaHPB can be fully integrated in the epoxy network formed during the 
UV curing. For further activation for participation in the sol-gel process of the inorganic 
precursor tetraethoxysilane (TEOS) the aaHBP was partially modified with alkoxysilane 
groups. Three different aaHBP with increasing degree of ethoxysilyl modifications were 
synthesized: aaHBP-P1a (10% degree of ethoxysilyl modification), aaHBP-P1b (25% of 
ethoxysilyl modification) and aaHBP-P1c (60% of ethoxysilyl modification). The 
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schematized chemical structure of the ethoxysilyl-modified aaHBP is reported in Scheme 
3.17. 
First, we have investigated the effect of the presence of the ethoxysilyl-modified aaHBP on 
the photocuring process of the epoxy resin by using real-time FT-IR analyses.  It was shown 
that the presence of aaHBP additive induced a change on the kinetics of photopolymerization 
of cycloaliphatic epoxy resin: an increase in epoxy group conversion by increasing the 
amount of the aaHBP in the photocurable mixture was evidenced in accordance with the work 
of Sangermano and co-workers [11, 249,165].   
This effect was confirmed also with the ethoxysilyl-modified aaHBP. In Figure 3.83 the 
conversion curves as a function of irradiation time are reported for the pristine CE resin and 
for the formulations containing 10 and 20 wt% of the aaHBP-P1c additive. 
0
10
20
30
40
50
60
70
80
90
100
0 50 100 150 200 250 300
C
on
ve
rs
io
n%
Time (s)
CE 10% HBP-P1c 20% HBP-P1c
(b) 
(a)
(c)
 
Figure 3.83 Conversion curves as a function of irradiation time of epoxy group for the pristine CE 
resin (curve a) and in the presence of 10 (curve b) and 20 (curve c) wt% of aaHBP-P1c. Film thickness 
50 mm. Light intensity on the surface of the sample 30 mW/cm2. 
 
The increase of epoxy group conversion can be explained on the basis of a chain transfer 
reaction. In fact, in addition to the usual mechanism for the ring-opening polymerization of 
epoxides (activated chain ends mechanism), Penczek and Kubisa described a new mechanism 
for the polymerization of these monomers called activated monomer mechanism that takes 
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place when the cationic polymerization of epoxides is carried out in the presence of 
alcohols[250,251,252]: during the polymerization the growing ionic chain end undergoes a 
nucleophilic attack by the alcohol to give a protonated ether. Deprotonation of this latter 
species by the epoxy monomer results in the termination of the growing chain and the proton 
transfer to a new monomer which can start a new polymeric chain. The polymer has now an 
alcohol fragment as end group. The effect of the chemical structure of the alcohol added on 
the occurrence of this chain transfer reaction, during the UV-curing process, has been deeply 
reported and discussed in the literature [253,254,255,256]. The same mechanism can be proposed 
for the increased epoxy groups conversion observed in the presence of the phenolic group of 
the aaHBP additive. 
Similar results were also observed with the aaHBP-P1a and aaHBP-P1b when added as 20-
wt% to CE, showing that the different degree of ethoxysilyl modification did not influence 
significantly the chain transfer reaction; in any case enough phenolic groups remain free after 
ethoxysilyl modification in order to interact with the carbocationic growing chain. As a result 
the aaHBP is tightly linked to the epoxy network. Further confirmation of the interaction 
between the carbocationic growing chain and the phenolic groups of the aaHBP additive 
comes from the very high gel content values (always close to 99%, see Table 3.23). 
 
Table 3.23 Properties of UV-cured films 
 
Sample Gel content 
%(a) 
Tg °C(b) Tg °C(c) Persoz 
Hardness(d) 
CE 99 160 205 290 
CE-aaHBP-P1a 80:20 98 150 -- -- 
CE-aaHBP-P1b 80:20 98 150 -- -- 
CE-aaHBP-P1c 90 :10 98 155 195 298 
CE-aaHBP-P1c 80:20 99 150 180 300 
CE-aaHBP-P1a + 30% TEOS 97 170 -- -- 
CE-aaHBP-P1b + 30% TEOS 98 180 -- -- 
CE-aaHBP-P1c + 30% TEOS 99 200 221 394 
CE-aaHBP-P1c + 15% TEOS -- -- 201 374 
a: determined after 24 hours extraction chloroform ASTM D2765-84 
b: determined by DSC 
c: determined as the maximum of tanδ curve of DMTA analyses 
d: determined with the Persoz Pendulum ASTM D4366  
--: not determined 
In the following, the ethoxysilyl-modified aaHBP were added to the epoxy resin always at 
80:20 wt% ratios. DSC and dynamic-mechanical analyses were performed on cured films. 
While DSC analysis gives information about the glass transition behaviour, DMTA analyses 
allow the evaluation for the elastic and viscous components of the modulus of the material in 
a large temperature interval. Therefore, this technique gives a complete characterization of the 
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thermal and viscoelastic properties of the material. The Tg data of the dual-cured films are 
reported in Table 3.23 The fully UV-cured films were first characterized by means of DSC 
analyses.  
It was possible to observe a flexibilization effect of the cured network in the presence of the 
ethoxysilyl-modified aaHBP. A shift towards lower Tg values by about 10°C was achieved 
with very similar extent for the different ethoxysilyl-modified aaHBP. This result shows again 
that the percentage of ethoxysilyl modification did not influence the final properties of the 
cured epoxy films. The flexibilization behavior is in accordance with the previous 
investigations reported in literature [18] and might induce an increase on toughness of UV-
cured coatings.  
Viscoelastic characterization of dual-cured 0.5 mm thick films obtained in the presence of the 
aaHBP- P1c additive (10 and 20 wt%) were performed by means of DMTA analysis, which 
allowed the evaluation for the elastic (É: storage modulus) and viscous (É’’: loss modulus) 
components of the materials in a large temperature interval. In Figure 3.84 the tan δ curves are 
reported for pure cured CE system and for the cured films containing increasing amount of 
aaHBP-P1c.  
 
Figure 3.84 DMTA tan δcurves for the dual-cured epoxy films obtained by the pristine CE resin (curve 
a) and in the presence of 10 (curve b) and 20 (curve c) wt% of aaHBP-P1c. 
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The tan δ curves show a shift towards lower temperature by increasing the amount of aaHBP-
P1c in the photocurable formulations.  The flexibilization results are in accordance with the 
DSC data, however, the effect of aaHBP-P1 on Tg is more pronouncedly observed by DMTA. 
From the Tg values reported in Table 3.24 it can be observed that the Tg values obtained by 
DMTA are higher than those obtained by DSC; similar results were reported previously and 
are attributed to a frequency effect [257].  
Once we had evaluated the effect of the presence of the ethoxysilyl-modified aaHBP into the 
UV-curable formulations, we have been pursuing our investigations using them as coupling 
agent in the preparation of hybrid organic-inorganic dual-cured epoxy coating. On the basis of 
previous investigations the amount of the aaHBP was kept at 20 wt% with respect to the 
epoxy resin. The inorganic precursor, TEOS, was added in the range between 15 and 30 wt% 
to the photocurable epoxy formulations (containing 20 wt% of the ethoxysilyl-modified 
aaHBP). The aaHBP can act as a coupling agent, copolymerizing on the one hand with the 
organic matrix through a chain transfer reaction involving phenolic groups (as previously 
discussed), and condensing on the other hand with the silica network through its ethoxysilyl 
groups. The addition of the ethoxysilyl-modified aaHBP can induce a strong chemical 
interaction between the organic and inorganic moieties, which is crucial for the formation of 
the nanocomposite films.  
The formulations were cured first under UV-light and postcured at 100°C for 4 h under humid 
conditions. In this way it is possible to obtain hybrid organic-inorganic coatings as already 
reported in literature [243,258]: the generated photoacid can start the cationic ring-opening 
polymerization of the epoxy monomer and, at the same time, can catalyze the hydrolysis and 
condensation reaction of ethoxysilylsilane groups, which through the sol-gel process will 
generate in-situ silica domains. All the formulations gave rise to photocured films 
characterized by a high gel content values (equal or higher than 97%, see Table 3.23) 
indicating the formation of a completely insoluble network and therefore confirming the 
efficiency of the dual-cure process. 
The dual-cured hybrid films using the partially ethoxysilyl modified aaHBPs were optically 
transparent. This can be evidence that the organic-inorganic phase separation is on a scale 
smaller than 400 nm whereas the curing of pure CE with TEOS results in an opaque and 
inhomogeneous film containing large and only loosely attached silica particles (Figure 3.85) 
which was not further analyzed. The formation of strong interactions between the organic and 
inorganic moieties in the presence of aaHBP-P1c was further confirmed by morphological 
investigation employing TEM analysis. 
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Figure 3.85 TEM images of the cured pure CE film with 30% TEOS: left) large area picture of the cut 
film on a TEM grid; right) enlarged part of the film showing some broken out silica particles. 
 
In Figure 3.86 bright field TEM micrographs are reported for cured films obtained from the 
mixture containing 20 wt% of either aaHBP-P1a (Figure 3.86a), or aaHBP-P1b (Figure 3.86b) 
or aaHBP-P1c (Figure 3.86c) and with always 30 wt% TEOS as inorganic precursor. These 
images show that the organic and inorganic phases are strictly interconnected with no 
macroscopic phase separation. Only with aaHBP-P1a, having the lowest amount of 
ethoxysilyl groups, one can detected some darker low contrast clusters indicating silica 
domains of 15-20 nm in size whereas in the other films no obvious silica particles can be seen 
even in the highest magnification pointing to actually the formation of extremely small silica 
particles (1-2 nm) and most probable even the formation of a strongly interconnected hybrid 
organic-inorganic network. 
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Figure 3.86  a: TEM micrographs of two magnifications for dual-cured hybrid systems CE-aaHBP-
TEOS containing 20 wt% of aaHBP-P1a. b: TEM micrographs of two magnifications for dual cured 
hybrid systems CE-aaHBP-TEOS containing 20 wt% of aaHBP-P1b. c: TEM micrographs of two 
magnifications for dual-cured hybrid systems CE-aaHBP-TEOS containing 20 wt% of aaHBP-P1c. 
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Therefore, increasing the ethoxysilyl modification percentage to the aaHBP allows achieving 
smaller silica domains and stronger interconnected networks. These data are in accordance 
with the previous data reported in literature in which it was shown that the silica cluster 
decrease in size by increasing the coupling agent content [244,245]. Actually, by increasing the 
ethoxysilyl modification percentage into the aaHBP we also increase the coupling agent 
content in the system, however, it looks like connecting of the ethoxysilane groups to the 
aaHBP renders the coupling even more effective and favours organic-inorganic co-network 
formation. Clearly, this study shows that the strong chemical-bond interaction between the 
organic and inorganic domains, using ethoxysilyl-modified aaHBP as a coupling agent, is 
crucial to avoid macroscopic phase separation, and it is even able to reduce inorganic size 
domains below 2 nm. 
The Tg data by DSC and for the aaHBP-P1c by DMTA of the dual-cured films are reported in 
Table 3.24 Clearly, the addition of TEOS and the resulting formation of silica domains 
increased Tg compared to the purely organic films. Further, it is possible to observe an 
increase of the Tg values for the hybrid materials by increasing the ethoxysilyl modification in 
the added aaHBPs. The increase of Tg values with increased amount of ethoxysilane groups 
can be attributed to a hindering effect on the polymer chain mobility which is induced by the 
tighter binding through more aaHBP terminal groups of the organic phase to the silica clusters 
generated in-situ during the thermally activated sol-gel process. Furthermore, also the size of 
the inorganic domains size, as demonstrated by TEM analyses, may have an influence. 
Nanocomposites show different properties than the bulk polymers because of the small size of 
the filler and the corresponding increase in the surface area. As the filler size decreases, the 
interfacial area between the fillers and the polymer matrix increases dramatically. It is 
possible that increasing the interfacial area can influence the polymer chain mobility and, 
therefore an increase of Tg of composites is expected by decreasing the size of the inorganic 
clusters. Similar results are reported in literature for different matrices and fillers [259]. Since in 
our case we have extremely small silica nanoparticles and probably even the formation of an 
interpenetrating organic-inorganic network, the Tg increases for the CE-aaHBP-P1c-TEOS 
hybrid up to 200°C (DSC) which is significantly above that of pure CE (160°C). 
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Figure 3.87 DMTA E’ curves for the UV-cured epoxy films containing 20 wt% of aaHBP-P1c (curve 
a) and for the same cured system obtained in the presence of 15% (curve b) and 30% (curve c) amount 
of TEOS. 
 
The hybrid films achieved in the presence of aaHBP-P1c as coupling agent was further 
characterized by means of dynamic mechanical thermal analyses (DMTA). In Figures 3.87 
and 3.88, the DMTA thermograms for the cured systems containing an increasing amount of 
TEOS are reported and compared with the curves recorded for the cured pristine CE system. 
In the Tg region a strong decrease of E’ is evident (Figure 3.87), while the tan δ curve (tan δ = 
E’’/E’: loss modulus/storage modulus ratio, Figure 3.88) shows a maximum which is assumed 
as the Tg of the cured films [257]. The DMTA spectra of the analyzed samples show a single 
main relaxation process, which is assigned to the glass transition. Plots of the storage modulus 
versus temperature allow for a direct comparison of the different UV-cured networks. It is 
possible to observe, from the curves reported in Figure 3.87, that the addition of the inorganic 
precursor to the epoxy system induced a decrease of the storage modulus and more important 
an improvement of the viscoelastic properties by extending the performance of the elastic 
modulus to higher temperatures. The decrement of the modulus, due to the viscoelastic 
transition, is shifted to higher temperature by increasing the TEOS content in the photocurable 
formulation. The improvement of mechanical properties can be attributed both to the increase 
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of crosslinking density as well as to the effect of stiffness of the inorganic silica domains 
which should be strictly interconnected with the epoxy network through the aaHBP. In the 
presence of the TEOS a relaxation is shifted to a significant higher temperature with respect to 
the cured CE/aaHBP-P1c system. At the same time, a broadening of the tan δ peak is evident 
and it can be attributed to the formation of the inorganic domains, which can hinder the 
mobility of the polymeric chains.  
 
Figure 3.88 DMTA tan δ curves for the UV-cured epoxy films containing 20 wt% of aaHBP-P1c 
(curve a) and for the same cured system obtained in the presence of 15% (curve b) and 30% (curve c) 
amount of TEOS. 
 
The DMTA investigations clearly show that the hindering effect of silica clusters on polymer 
chain motions enhanced the glass transition temperature. In particular, molecularly dispersed 
silica clusters of nanometric size domains, chemically connected with the polymer network, 
can act as crosslinking units in the polymeric matrix, which significantly hinder the segmental 
motion of the polymer chains with a Tg increase and mechanical properties. All these data are 
in good agreement with the Tg values determined by DSC for the cured films containing 30 
wt% of TEOS (data reported in Table 3.22). 
The increase of Tg values with increasing the content is accompanied also by a significant 
increase in surface hardness, as measured by Persoz pendulum (see Table 3.22). A hardness 
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increase from 290 to 300 was already observed by simply adding the HBP to the formulation 
which can be attributed to the increase of crosslinking density achieved by the chain transfer 
reaction. When the inorganic precursor is added to the photocurable formulation a further 
surface hardness increase was achieved reaching values of 374 in the presence of 15 wt% of 
TEOS and 394 in the presence of 30 wt% of TEOS. The hardness increase is usually related 
to an increase in scratch resistance, and therefore this result is particularly interesting for 
coating applications. 
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4 Summary and Outlook 
The framework of this thesis aims to develop a new kind of hyperbranched polymeric 
coupling agent with good characteristics for effectively preparing nanocomposite organic / 
inorganic coating of excellent properties. These results may be employed to a variety of 
different applications such as high solid coatings, flame retardant coatings, barrier coatings 
for flexible packaging, etc. Before formulating nanocomposite-coating experiments, the HBPs 
were studied by different techniques in order to obtain the total information of properties and 
behaviour of the polymers in dissolved and solid state. 
Therefore, the first part of the work is focused on synthesis aliphatic-aromatic hyperbranched 
polyesters aaHBP(OH) by two different methods based on polycondensation reaction of AB2 
monomers technique, solution polymerization and melt polymerization. After that 
modification of the hyperbranched polyester by 3-isocyanatopropyltriethoxysilane (IPTES) to 
form partially ethoxysilyl-modified aaHBP(OH)P1a-4c is carried out. Also preparation of 
aromatic hyperbranched polyesters by only solution polymerization and modified by IPTES 
was done and the product has been used as coupling agent in preparation of hybrid film.  
The choice of 4,4’bis (4-hydroxyphenyl) pentanoic acid as a starting monomer for preparation 
of aliphatic-aromatic hyperbranched polyesters enables to avoid such problems as 
intermolecular cyclization, formation of aggregates and insufficient contrast for scattering 
measurements. Moreover, polymerization in solution enables to obtain polymers with similar 
range of molecular weight. The molecular weight of the aliphatic- aromatic hyperbranched –
OH functionalized samples was varied up to 56.100 g/mol. 
The first result of this work was that the coupling agents have been prepared based on two 
structures (aromatic and aliphatic-aromatic), aaHBP(OH)-P1-4a-b and aHBP(OH)-P1a-b in 
different molar masses (1000-15000 g/mol), and with different degree of modifications (10-
60%). These coupling agents cwhich have been used further for different application in 
polymer/TiO2 hybrid nanoparticles hard film coatings and in the preparation of organic-
inorganic UV-thermal dual- ured epoxy coatings. 
One category of experiments was concerned with the characterization of chemical 
composition and typical structural elements, purity and physical properties of HBPs which 
strongly influence the properties of polymer coatings. The validation of the synthesized 
polymer structures was done using NMR spectroscopy, which is discussed in detail together 
with the molecular weight characterization, IR spectroscopy and thermal analysis. 
Furthermore it was found that all synthesized samples are well defined in branching and had 
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broad molecular weight distribution (Mw/Mn >2).The HBPs show relatively high glass 
transition temperatures and good thermal stability up to 330°C.  
Moreover, the influence of branching of the thermal stability properties was investigated. The 
thermal stability properties are influenced by the modification of the polyesters by IPTES. 
The thermal stability for the modified aliphatic-aromatic hyperbranched polyesters Co-P4a 
increased to 450°C and for modified aromatic hyperbranched polyesters Co-AP1a increased 
to 436°C. 
The second task of the work was the preparation and characterization of polymer/TiO2 hybrid 
nanoparticles hard film coatings. In this part of present work, some aromatic hyperbranched 
polyesters (aHBP) and aliphatic-aromatic hyperbranched polyesters (aaHBP), OH terminated, 
have been used as matrices for nanocomposites containing TiO2. The TiO2 nanoparticles were 
synthesized via sol-gel directly in a solution containing the HBP polyester as a stabilizer, and 
then the polymer/TiO2 hybrid mixtures were thermally cured by a curing agent to obtain a 
hard coating or a film. In order to determine the conditions in which it was possible to get the 
best dispersion and the properties for the final material, the starting HBP-OH was also 
partially modified with alkoxysilane groups, yielding modified aliphatic-aromatic 
hyperbranched polyesters Co-P4a and modified aromatic hyperbranched polyesters Co-AP1a, 
enabling it to interact with the TiO2 network. Both materials obtained were then characterized, 
and their properties compared. It has been evidenced that the modification is required to 
achieve a better dispersion of the particles in the matrix and better properties for the final 
coating.  
 
The final coating obtained was looked a yellowish and transparent film for polymer/TiO2 
hybrid nanoparticles. 
The roughness of polymer/TiO2 hybrid nanoparticles hard film coatings surfaces increased by 
increasing the percent of modification of IPTES and this was investigated by AFM. Contact 
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angle measurements showed that the surface properties (hydrophilicity/hydrophobicity) HBPs 
thin films are strongly influenced by the functional modified group.  
The TEM analysis, in agreement with AFM and DLS measurements, shows that it is possible 
to obtain coatings containing individual nanosized TiO2 particles in unmodified and modified 
hyperbranched polyesters. In particular, if the matrix is represented from the modified 
polymer, thanks to the strong interaction between the TiO2 precursor with the Si(OEt)3 end 
groups of the hyperbranched structure, it is possible to obtain smaller particles with an 
average size of only 2-3 and 3-5 nm for Co-P4a/Ti10 and Co-AP1a, respectively. This 
compared with those obtained using the unmodified aliphatic-aromatic hyperbranched 
polyesters aaHBP(OH) (about 60 nm) and for  unmodified aromatic hyperbranched polyesters 
aHBP(OH) (about 100 nm). DSC analysis also reveals a much stronger interaction between 
the inorganic nanoparticles and the HBP matrix since no longer a glass transition temperature 
could be identified. The presence of TiO2 inside the coating enhances the thermal properties 
of the coatings with better results if modified hyperbranched polyesters are used. Further 
confirmation of the interaction between inorganic material (TiO2) and the coupling agents of 
the aaHBP(OH)-P4a-c additive comes from the very high gel content values (always equal or 
higher than 97%, see Table 3.16).  
 
 
TEM images of the cured hybrid film Co-P4a/Ti20 with modified aliphatic-aromatic 
hyperbranched polyester containing 20wt% Ti(iOPr)4. 
The most challenging task of the work was to use partially ethoxysilyl-modified aaHBP as 
coupling agent in the preparation of organic-inorganic UV-thermal dual-cured epoxy coatings. 
First, it was demonstrated that the presence of an ethoxysilyl-modified HBP additive induced 
a change on the kinetics of photopolymerization of cycloaliphatic epoxy resin: an increase in 
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epoxy group conversion by increasing the amount of the HBP in the photocurable mixture 
was evidenced. The addition of the ethoxysilyl-modified HBPs induced an important 
flexibilization effect in the UV-cured epoxy coatings, with an expected increase in toughness. 
The inorganic precursor TEOS was added in the range between 15 and 30 wt% to the 
photocurable epoxy formulations containing 20 wt% of the ethoxysilyl-modified HBP. The 
formulations were cured under UV-light and post-cured at 100°C for 4h. In this way it is 
possible to obtain hybrid organic-inorganic coatings. The dual-cured hybrid films were 
optically transparent and the important role of the HBP as coupling agent controlling the level 
of agglomeration of the inorganic clusters generated via the sol-gel process was demonstrated. 
It was well evident that, by increasing the ethoxysilyl functionalization of the HBP, the silica 
cluster size decreased from an average value of 15-20 nm to a very small dimension with an 
average value of 1-2 nm and even the formation of strongly interconnected hybrid networks. 
We can underline that the use of the functionalized HBP allowed achieving very small 
nanosize of the silica cluster generated in-situ.    
 
  
   
 
a)     b)                      c) 
TEM micrographs of two magnifications for dual-cured hybrid systems CE-aaHBP-TEOS 
containing 20 wt% of aaHBP-P1a (a), aaHBP-P1b (b), aaHBP-P1c (c) and 30 wt% of TEOS 
as inorganic precursor. 
 
100 nm100 nm 100 nm
20 nm 20 nm20 nm
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This is a new application for different HBP as modifiers in epoxy resins. The addition of the 
inorganic precursor to the epoxy/HPB system induced a decrease of the storage modulus and 
an improvement of the viscoelastic properties by extending the performance of the elastic 
modulus to higher temperatures. The decrement of the modulus, due to the viscoelastic 
transition, is shifted to higher temperature by increasing the TEOS content in the photocurable 
formulation. The increase of Tg values by increasing the TEOS content is accompanied by a 
significant increase in surface hardness, as measured by Persoz pendulum. 
In conclusion, ethoxysilyl-modified HBP is a highly multi-site coupling agent for effective 
formation of nanocomposite UV-cured epoxy coating with enhanced thermal-mechanical and 
surface hardness properties. 
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5 Experimental Part 
The aim of this chapter is to give a theoretical description of the main experimental 
techniques used in this work, also to characterize the aromatic and aliphatic-aromatic 
hyperbranched polyesters (HBP) thin films in dry state as well as the adsorption-relevant 
surface properties. 
5.1 Materials and Methods 
5.1.1 Materials 
All of the chemicals and reagents were used as received from the commercial suppliers. 
Name  Purity (%) Supplier 
Acetone  ≥99 Fluka 
Ammonium hydroxide  ~30 Acros Organics 
Chloroform  ≥99 Acros 
Diethyl ether  ≥99.7 Merck 
Dichloromethane ≥98 Aldrich 
Dicyclohexylcarbodiimide ≥98 Sigma Aldrich 
3,5-Dihydroxybenzoic acid  ≥97 Fluka 
4-Dimethylamino pyridine ≥99 Merck 
N,N’-Dimethylformamide  ≥99.5 Fluka 
DMSO-d6  ≥99 Merck 
Dimethyl sulfoxide  ≥99.5 Fluka 
Dibutyltindilaurate >98 Fluka 
Ethanol  ≥99.5 Acros 
Ethanolamine  ≥99 Fluka 
Methanol  ≥99 Acros 
n-Hexane ≥98 Merck 
Phenol  99.5 Sigma-Aldrich 
Sulphuric acid  95-98 Acros 
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Sodium hydroxide  ≥98 Fluka 
Tetrahydrofuran  ≥99.5 Fluka 
Toluene  ≥99.7 Fluka 
Tetraethoxysilane 98 Sigma-Aldrich 
p-Toluene sulphonic acid ≥98 Merck 
4,4-Bis(4-hydroxyphenyl) valeric acid 95 Sigma-Aldrich 
 
5.2 Characterization Methods 
¾ Nuclear magnetic resonance 
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DRX 500 NMR 
spectrometer (Bruker, Germany) usually in deuterated DMSO (DMSO-d6). The solvent 
DMSO-d6 [δ(1H) = 2.50 ppm, δ(13C) = 39.60 ppm] was used as lock and internal standard. All 
information about the signals of the solvents was found in the literature [260].  
The measurements were carried out with the operating frequency of 500.13 MHz for 1H and 
125.77 MHz for 13C. The degree of branching (DB) of the hb polyesters can be determined 
both from 1H-NMR and 13C-NMR spectra signals according to the methods introduced in 
literatures [69, 261]. 
 
¾ Size exclusion chromatography (SEC) 
Size-exclusion chromatography (SEC), also called gel-permeation chromatography (GPC), 
uses porous particles to separate molecules of different sizes. It is generally used to separate 
molecules and to determine molecular weights and molecular weight distributions of 
polymers. Molecules that are smaller than the pore size can enter the pores of the particles and 
therefore have a longer path and longer transit time than larger molecules that cannot enter the 
pores of the particles. 
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Figure 4.89 : Diagram of a size-exclusion chromatography column 
http://www.chemistry.adelaide.edu.au/external/soc-rel/content/size-exc.htm 
 
All molecules larger than the pore size are unretained and elute together. Molecules that can 
enter the pores will have an average residence time in the particles that depends on the 
molecules size and shape. Different molecules therefore have different total transit times 
through the column. The molecular weights and polydispersities of the polymers were usually 
measured in THF. The Size Exclusion Chromatography (SEC) measurements were performed 
on different types of chromatographic system. 
System I: The chromatographic system was Agilent HP Series 1100 with the refractive index 
(RI) detector (Agilent Technologies, Germany). The molar mass was calculated using a 
calibration relationship determined with the linear polymer standard poly(2-vinyl pyridine) 
(PVP, Polymer Standard Service, Germany). The eluent was a mixture of N,N-
dimethylacetamide (DMAc, Merck, Germany), 2 vol.% water and 3 g/l LiCl (Fluka, 
Germany). The column set was ZORBAX PSM 60 Trimodale-S, 250mm x 6.2 mm (Agilent 
Technologies, Germany). The sample was passed through the column at a flow rate of 0.5 
ml/min. 
System II: Modular builded SEC-system (KNAUER, Germany) with UV- and refractive 
index (RI) detector, and multi angle laser light scattering detector (MALLS) (DAWN-EOS, 
Wyatt Technologies, USA) was used to determine the molar mass and any formed 
associations arising in the system. The refractive index increment dn/dc was determined from 
RI-response for each HBP assuming a complete mass recovery of a sample from the column 
and was used for the calculation of Mw from SEC-MALLS. The eluent was THF. The 
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measurements were carried out at a flow rate of 1.0 ml/min on a 2-PL-Mixed c-LS column, 
300 mm x 7.5 mm (Polymer Labs., UK). 
¾ Dynamic Light Scattering (DLS) 
DLS, which is also known as "photon correlation spectroscopy" (PCS) or "quasielastic light 
scattering" (QELS), uses the scattered light to measure the rate of diffusion of the particles. 
This motion data is conventionally processed to derive a size distribution for the sample, 
where the size is given by the "Stokes radius" or "hydrodynamic radius" of the particle. This 
hydrodynamic size depends on both mass and shape. Dynamic scattering is particularly good 
at sensing the presence of very small amounts of aggregated polymer (<0.01% by weight) and 
studying samples containing a very large range of masses. 
 
Figure 4.90 : Hypothetical dynamic light scattering of two samples: Larger particles on the top and 
smaller particle on the bottom. 
http://en.wikipedia.org/wiki/Dynamic_light_scattering 
The particle size distribution was measured by dynamic light scattering (DLS, Zetasizer Nano 
ZS, Malvern Instr., UK) in accordance with ISO 22412. Average particles diameters (z-
average) were determined from the intensity-weighted size distributions. 
¾ Differential Scanning Calorimetry (DSC) 
The Differential Scanning Calorimetry (DSC) data were acquired using a DSC Q 1000 of TA 
Instruments. Samples were subjected to a heating – cooling – heating cycle in the temperature 
range from −80 to +180 °C in nitrogen atmosphere. The standard experiments were done at a 
scan rate of 10 K min−1. Modulated DSC experiments were performed at a scan rate of 
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2 K min−1 with an amplitude of ±0.31 °C and a period of 40 s. Since the thermal history 
influences the behavior of the samples in the first heating, only the cooling and second 
heating was evaluated. The Tg of the hb polymers was determined from the 2nd heating run 
by half step method. All samples were dried under vacuum at 50ºC for 72 h before the 
submission to the analysis.  
 
Figure 4.91 Presentation of Differential Scanning Calorimetry (DSC Q1000 TA) Instruments. 
 
¾ Thermal Gravimetric Analysis (TGA) 
Thermal gravimetric analysis (TGA) was done TGA Q5000 IR (TA Instruments, USA) under 
a nitrogen (N2) atmosphere. Both, dynamic and isothermal TGA measurements were 
performed. Dynamic TGA was carried out at a temperature range of 40-700°C using a heating 
rate of 10 K/min. The isothermal TGA was performed at 320 °C. After preheating at 40°C for 
10 min the samples were heated up to 320°C within 5 min and then examined isothermally for 
about one hour. All samples were dried under vacuum at 50ºC for 72h before the submission 
to the analysis. 
 
Figure 4.92 Presentation of Thermogravimetric analysis (TGA Q5000 IR, TA Instruments) 
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¾ Dynamic mechanical thermal analyses (DMTA) 
Dynamic-mechanical thermal analyses (DMTA) were performed on a MK III Rheometrics 
Scientific Instrument at 1 Hz frequency in the tensile configuration. The storage modulus, E′, 
and the loss factor, tanδ, were measured from 30°C up to the temperature at which the 
rubbery state was attained. The Tg value was assumed as the maximum of the loss factor 
curve (tanδ). 
 
¾ Gel content 
The gel content was determined on the cured films by measuring the weight loss after 24 h 
extraction with chloroform at room temperature, according to the ASTM D2765-84 technical 
standard. 
 
¾ The pendulum hardness 
The pendulum hardness (Persoz, ASTM D4366) was measured from the damping of the 
oscillation of the pendulum. Pendulum hardness values are expressed in seconds and are 
related directly to the softness of the surface of the sample. The shorter the damping time, the 
lower is the hardness. 
 
¾ Contact Angle Goniometry 
Contact goniometry is a method to determine the wettability of a surface. It can also be used 
to calculate the surface energy. The contact angle is the angle at which a liquid/vapor 
interface meets the solid surface. It is specific for any given system and is determined by the 
interactions across the three interfaces – solid/ liquid, solid/gas and liquid/gas. 
The term wetting describes the contact between a liquid and a solid surface and is a result of 
intermolecular interactions when the two are brought together. The amount of wetting 
depends on the energies (or surface tensions) of the interfaces involved such that the total 
energy is minimized. The degree of wetting is described by the contact angle. The 
liquid/vapor interface meets the solid/liquid interface at this angle. 
For flat surfaces, the contact angle is measured from a drop of a suitable liquid resting on a 
surface (Scheme 4.18). If the liquid is very strongly attracted to the solid surface, as for 
example, water on a hydrophilic solid, the droplet will completely spread out on the solid 
surface and the contact angle will be close to zero degrees. 
Experimental part                                                                                                                   164 
Less strongly hydrophilic solids will have a contact angle up to 90º. If the solid surface is 
hydrophobic, the contact angle will be larger than 90º. Surfaces with a contact angle greater 
than 150º are called superhydrophobic surfaces. On these surfaces, water droplets simply rest 
on the surface, without actually wetting to any significant extent. The contact angle thus 
directly provides information on the interaction energy between the surface and the liquid. 
The theoretical description of contact arises from the consideration of a thermodynamic 
equilibrium between the three phases: the liquid phase of the droplet (L), the solid phase of 
the substrate (S), and the gas/vapor phase of the ambient (V). The latter will be a mixture of 
ambient atmosphere and an equilibrium concentration of the liquid vapor or could 
alternatively be another immiscible liquid phase. At thermodynamic equilibrium, the chemical 
potential in the three phases should be equal [262]. 
It is generally convenient to consider the interfacial energies involved. Using the simplified 
planar geometry Young’s equation[263] can be written as: 
γlv cos θ = γsv – γsl 
Where θ is the contact angle of a liquid droplet on a solid surface.  γlv, γsv and γsl are the 
liquid/vapour, solid/vapour and solid/liquid interfacial tensions, respectively 
 
Scheme 4.18 Schematic of different levels of wettability of surfaces. 
There are several methods available to measure the contact angle of surfaces: 
 The most convenient is the static sessile drop method where the angle formed between the 
liquid/solid interface and the liquid/vapor interface is measured using a microscope optical 
system or, with high-resolution cameras and software to capture and analyze the contact 
angle.  
 The wetting properties of the polymer surfaces estimated by means of dynamic wetting 
measurements, which were carried out with a Fibro DAT 1122HS dynamic contact angle 
tester (Fibro System, Sweden) equipped with a high speed video camera according to the 
sessile drop method. A microliter syringe was used to place a deionized water droplet 
(Millipore water having a surface tension of  γlv = 72.8 mN/m at 23 °C) of a 10 μl volume on 
the fabric surface under investigation by a short stroke from an electromagnet. The strength of 
stroke was minimized to avoid oscillation effects. The data were collected after the water 
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droplet stabilized on the surface. The instrument was located in a temperature-controlled 
laboratory maintained at 23 ± 1°C. Relative humidity of 50 ± 3 % was kept constant. The 
initial contact angle of water and the absorption time was used to evaluate the wettability of 
polymer before and after modification. The contact angle and the absorption time of water 
droplets shown for each sample are averages of five single measurements. 
 
¾ Real-Time FT-IR spectroscopy 
The kinetic of photopolymerization was studied by Real-Time FT-IR spectroscopy, 
employing a Thermo-Nicolet 5700 instrument. The formulations were coated onto a silicon 
wafer. The sample was exposed simultaneously to the UV beam, which induces the 
polymerization, and to the IR beam, which analyzes in-situ the extent of the reaction. Because 
the IR absorbance is proportional to the monomer concentration, conversion versus irradiation 
time profiles can be obtained. Epoxy group conversion was followed by monitoring the 
decrease in absorbance of the epoxy groups in the region of 750–780 cm−1. A medium 
pressure mercury lamp (Hamamatsu LC-8) equipped with an optical waveguide was used to 
induce the photopolymerization (light intensity on the surface of the sample of about 
30 mW/cm2, measured with EIT instrument). 
 
¾ Infrared spectroscopy (IR) 
Infrared (IR) spectroscopy is one type of vibrational spectroscopy and used as the most 
common analytical technique in organic and inorganic chemistry. The covered range of 
wavelength of the IR spectroscopy is the wavenumber range from 10 000 (near-IR) to about 
10 cm-1 (far-IR). In practice, the wavenumber range which is commonly used corresponds to 
4000 to 400 cm-1 (mid-IR) [264]. The principal of IR spectroscopy is that small molecules and 
macromolecules in different environments can absorb varying light intensities and at varying 
frequencies. Thus, IR spectroscopy involves collecting absorption information and analyzing 
it in a form of a spectrum. The characteristic frequencies for a particular molecule or 
segments are determined by its vibrations, dependent upon the masses of the atoms of the 
molecule, their spatial geometry, and the strengths of the connecting bonds. Usually, the IR 
spectrum is divided on two main regions. The absorption bands of the region lies above 1500 
cm-1 can be assigned to the individual functional groups, whereas the region below 1500 cm-1 
contains mach more bands and characteristics of the molecule as a whole [265]. The Fourier 
transform (FTIR) technique was the development of IR spectroscopy using the possibility of a 
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simultaneous and almost instantaneous recording of the whole spectrum in the different 
regions.  
The application of IR spectroscopy is to investigate the presence of certain functional groups 
in modified hyperbranched polyesters and hybrid coatings materials. In these molecules the 
interesting resonance frequencies of the C=N, C=O, N-H or O-H vibrations are often IR 
absorption at around 3400 and 1600 cm-1 also for Si-O-Ti, Ti-O-Ti which will be at around 
1000 and 600 cm-1.  
The Fourier Transform Infrared Spectroscopy (FTIR) was conducted using an Equinox 55 
from Bruker. The samples were dissolved in ethanol, casted directly on KBr pellets and were 
subsequently vacuum dried at 40°C. The transmission spectra were recorded in the range of 
400 to 4000 cm−1 at a resolution of 2 cm−1 and 16 scans per measurement. The samples were 
heated with 10 K min−1 from 20 to 145°C. The cooling of the measurement system is not 
controlled and proceeded at an average rate of about 0.5 K min−1. 
 
 
Figure 4.93 Presentation of Infrared spectroscopy (IR). 
 
¾ Wafer cleaning technology 
The objective of wafer cleaning is the removal of particulate and chemical impurities from the 
surface without damaging or deleteriously altering the substrate surface. The traditional 
approach of wafer cleaning is based on wet-chemical processes. There are a number of 
techniques employed for the wafer cleaning depending on the nature of the impurities that 
need to be removed from the surface. In general, the chemical cleaning is performed with a 
series of acid and rinse baths. Aqueous cleaning solutions are currently the most widely used 
due to their many advantages over alternative processes [266]. 
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The silicon substrate was cleaned and activated by a standard procedure in which the 
substrates were first treated twice in ultrasonic bath with a dichloromethane for 15 min. 
Thereafter, the surfaces were etched with a 1:1:1 mixture of Millipore® water, H2O2 and 
concentrated ammonia (30%) for 20-30 min. at 60oC. Remaining inorganic material was 
rinsed off by repeatedly immersing the surfaces in Millipore water (3-4 times) then dry the 
wafers with ethanol contain (1% methylethylketone). Finally, the substrates were allowed to 
relax in Millipore water for 3 h. Before film preparation, the surfaces were dried in nitrogen 
flush. 
 
¾ Atomic force microscopy (AFM) 
Scanning probe microscopy (SPM) involves running a nanometre-sized probe along a surface, 
and measuring its deflection. This allows the topography of the surface to be mapped out. 
Also variations of the technique allow different aspects of the surface to be mapped out (such 
as viscoelastic response, magnetic behavior, density of electronic states, etc.). The simplest 
SPM technique is Atomic Force Microscopy (AFM). 
The Atomic Force Microscope (AFM) is one type of scanning probe microscopes, which is 
used to image surface structures on nm or even sub-nm level and to measure surface forces. 
 
Figure 4.94 Presentation of AFM instrumentation 
http://barrett-group.mcgill.ca/teaching/nanotechnology/nano02.htm 
The figure above is a highly schematic view of an AFM. Essentially, a micrometer-sized 
cantilever has an extremely sharp tip attached to it, which is sharpened to about 10-50 nm at 
the end. The cantilever scanned over the surface by a piezoelectric scanner. A low-power 
probe laser beam is reflected off of the top of the cantilever, and into a four-quadrant 
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photodetector, which records the banding of the cantilever. Essentially, the continual 
deflections of the cantilever give information about the height of the surface at that point. 
The differences between the segments of photo-detector of signals indicate the position of the 
laser spot on the detector and thus the angular deflections of the cantilever. In contact mode, 
AFMs use feedback to regulate the force on the sample. The AFM not only measures the 
force on the sample but also regulates it, allowing acquisition of images at very low forces. 
The feedback loop consists of the tube scanner that controls the height of the tip; the 
cantilever and optical lever, which measures the local height of the sample; and a feedback 
circuit that attempts to keep the cantilever deflection constant by adjusting the voltage applied 
to the Z scanner. A well constructed feedback loop is essential to microscope performance. 
Tapping mode works by vibrating a cantilever and bringing the tip into intermittent contact 
with a sample surface. When the tip interacts with a surface feature, its amplitude is decreased 
from its previous amplitude of oscillation. The AFM senses this decrease, and the tip is raised 
away from the sample in order to re-attain the previous amplitude of oscillation. In this way, 
the tip can be rastered across the sample to generate topographical images.  
Atomic force microscopy (AFM) measurements were performed in films coated on silicon 
wafers as substrates in the tapping mode with AFM (Nanoscope III, Dimension ™ 3100 
(Digital Instruments Inc., in Santa Barbara, USA. For image processing and determination of 
the roughness the program NanoScope 6.13R1 (Digital Instruments / Veeco) were used. A 
point probe silicon SPM sensor (Nanosensor, Germany) with a spring constant of 
approximately 3 N m-1 and a resonance frequency of approximately 75 kHz was used. The 
scanning conditions were chosen according to Maganov et al. [267] (free amplitude >100 nm, 
set point amplitude ratio=0.5) to obtain stiffness contrast in the phase image. This means that 
the bright features in the phase images are stiffer than the dark features. For the removal of 
any dust or surface attached impurities, the films were rinsed with EtOH and air-dried before 
analysis. The measurements performed in the air with a relative humidity of 50 ± 2% and a 
temperature of 23±1°C. 
 
¾ Transmission Electron Microscopy (TEM) [268] 
In the 1930’s, TEM provided the first insight into the structural features on a submicrometer 
scale. The transmission electron microscope overcomes the limitation of the optical 
microscope, the spatial resolution of which is limited to about half the wavelength of the 
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visible light. Presently, the resolution limit in transmission electron microscopy is in the order 
of about 0.1 nm, using an acceleration voltage of about 200 kV.  
Figure 4.90 shows a schematic cross-section of a transmission electron microscope which 
typically contains two parts, the illumination and the imaging system. The former consists of 
the electron gun and the first and second condenser lenses. Electrons are emitted from a V-
shaped heated tungsten filament whereas the emitted electron density is controlled by the 
voltage applied at the filament. A grid cap fading out parts of the electron emitting cathode 
allows the generation of a spot-shaped electron beam. A high voltage field accelerates the 
emitted electrons which reach the system of condenser lenses in the illumination system after 
crossing the ring anode. These lenses regulate the intensity and refocus the electron beam. 
The specimen is then hit by an intense, parallel beam of monoenergetic electrons. 
                          
Figure 4.95 : Presentation of Libra120 TEM instrumentation (Carl Zeiss NTS GmbH) operated at 200 
kV and Cross-section of a conventional transmission electron microscope. 
http://barrett-group.mcgill.ca/teaching/nanotechnology/nano02.htm 
The imaging system is build up by the objective lens, the intermediate lens and their 
corresponding apertures, the projector lens, a phosphor viewing screen, and the photographic 
film or CCD camera. The most important parts of the imaging system are the objective lens 
and objective aperture which can either generate a bright-field or a dark-field image of the 
specimen. The apertures act as filters mainly for elastically or in elastically scattered or 
transmitted electrons and are necessary to create a phase contrast in the sample. 
Specimens of low-density hydrocarbon materials like polymers must be less than 100 nm 
thick while high-density metals should be less than 20 nm thick. Bright field is the most 
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widely used mode of transmission electron microscopy imaging, selecting the weakly 
scattered and transmitted electrons by an objective aperture. The dark areas in the image 
correspond to strongly scattering areas in the specimen, indicating the areas of higher mass 
density. 
The hybrid concentrations specimens were prepared by dropping the specimen solution (hb 
polyesters+ 1,6 diisocyanatohexan in DMAc) on carbon coated copper grid to form a very 
thin hybrid film  (S160-3 Plano GmbH) or a thin film of the polymer was prepared by spin-
coating on cleaned silicon wafer or a thin film of the polymer was prepared by casting 
solution of the hybrid film onto a Teflon mold. The film was cured at 100ºC for 1hours in 
Argon atmosphere. The film formed on silicon wafer was floated from the wafer in 1M NaOH 
solution and picked up on a TEM grid using a Perfect Loop tool and investigated in Libra 
120/Libra 200 TEM (Carl Zeiss NTS) operated at 120 kV /200 kV. Zero-loss energy filtering 
was used to increase the image contrast. The thin sections (nominally 70 nm) for TEM were 
cut out of the cured foils with a diamond knife at room temperature using an Ultracut UC6 
Ultramicrotome (Leica Mikrosysteme Vertrieb GmbH). Most samples were investigated with 
Libra 120 otherwise it is mentioned under figure. The size distribution of the particles was 
determined by automatic particle-identification routine in Olympus Scandium software. 
 
¾ Electron energy loss spectroscopy 
In electron energy loss spectroscopy (EELS) a material is exposed to a beam of electrons with 
a known, narrow range of kinetic energies. Some of the electrons will undergo inelastic 
scattering, which means that they lose energy and have their paths slightly and randomly 
deflected. The amount of energy loss can be measured via an electron spectrometer and 
interpreted in terms of what caused the energy loss. Inelastic interactions include phonon 
excitations, inter and intra band transitions, plasmon excitations, inner shell ionizations, and 
Čerenkov radiation. The inner-shell ionizations are particularly useful for detecting the 
elemental components of a material. For example, one might find that a larger-than-expected 
number of electrons come through the material with 285 eV (electron volts, a unit of energy) 
less energy than they had when they entered the material. It so happens that this is about the 
amount of energy needed to remove an inner-shell electron from a carbon atom. This can be 
taken as evidence that there is a significant amount of carbon in the part of the material that is 
being hit by the electron beam. With some care, and looking at a wide range of energy losses, 
one can determine the types of atoms, and the numbers of atoms of each type, being struck by 
the beam. The scattering angle (that is, the amount that the electron's path is deflected) can 
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also be measured, giving information about the dispersion relation of whatever material 
excitation caused the inelastic scattering. 
  
¾ X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 
analysis (ESCA), was used to study the chemical composition of polymer/nanoparticles 
hybrids thin film. The technique is based on the photoelectrical effect, which provides 
information on elemental and functional group composition and oxidation state. In an XPS 
experiment, the surface is irradiated with X-ray. The energy of the incident X-ray photons is 
high to eject electron from electron shells (Figure 4.96). 
 
 
 
Figure 4.96 Principle of XPS 
 
These ejected electrons are referred as photoelectrons. From the difference between the 
known X-ray photons energy and their measured kinetic energy, the binding energy can be 
calculated. Elements can be recognised by their binding energy which slightly depends on 
oxidation state and chemical environment. The method of measurement is based on direct 
interaction of X-ray with the investigated sample as shown in Figure 4.97. 
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Figure 4.97: Schematic drawing of XPS measurement. 
 
XPS measurements were carried out using Amicus and Axis Ultra spectrometers (both Kratos 
Analytical, Manchester, U.K.). The maximum information depth was about 8 nm. (In this 
case, the takeoff angle, here defined as the angle between the surface normal of the sample 
and the electron optical axis of the spectrometer, was 0°.) The Amicus spectrometer was 
employed to determine the elemental surface composition from the recorded XPS spectra. 
High resolution XPS spectra were obtained with the Axis Ultra spectrometer to analyze the 
binding states of the elements. The Amicus spectrometer was equipped with a 
nonmonochromatic MgKR X-ray source operating at 240 W and 8 kV. The kinetic energy of 
the photoelectrons was determined using an analyzer with pass energy of 75 eV. To remove 
satellite peaks, a satellite subtraction procedure was applied. The Axis Ultra spectrometer was 
equipped with a Al KR X-ray source of 300 W at 15 kV. The radiation of the source was 
monochromated by a quartz crystal monochromator. The kinetic energy of photoelectrons was 
determined using a hemispherical analyzer with constant pass energy of 160 eV for survey 
spectra and 20 eV for high-resolution spectra. The electrostatic charging of the sample during 
the measurements was avoided by means of a low-energy electron source working in 
combination with a magnetic immersion lens. For the two spectrometers, quantitative 
elemental compositions (atomic ratios) were determined from peak areas using 
experimentally determined sensitivity factors and the spectrometer transmission function [269]. 
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5.3 Synthesis 
5.3.1 Synthesis of DPTS  
4-(Dimethylamino)pyridinium- 4 -toluensulfonat (DPTS) [120] 
SO O
OH
N
N
+
SO O
O
N
N
H
1
2
3
4
5
6
 
10 g (52.5723 mmol) of p-toluenesulfonic acid monohydrate (p-TSA) dissolved in 150 ml 
toluene and dried by azeotropic distillation for so long, until no water separation can be 
observed. 6.422 g (52.5723 mmol) N, N-dimethylaminopyridine (DMAP) are dissolved in 50 
ml of warm toluene and then added via a dropping funnel to the p-TSA solution. After 1 hour 
stirring the white precipitate (4-(dimethylamino) pyridinium 4-toluenesulfonate) DPTS will 
be formed after cooling. The solution was filtered and carefully washed with toluene and 
dried in a vacuum. 
Yield:     98% 
Molar mass:     294,39 g/mol 
Mp:     171,5 °C 
 
1H NMR (DMSO-d6 , δ in ppm) :  2.29 (s, 3H1, -CH3); 3.18 (s, 6H4, -CH3); 6.97 – 6.99 (d, 
2H2, ArH); 7.10-7.12 (d, 2H5, ArH); 7.48-7.50 (d, 2H3, 
ArH); 8.20- 8.21 (d, 2H6, ArH) 
 
13C NMR (DMSO-d6 , δ in ppm) : 20.70; 106.91; 125.44; 128.01; 137.62; 139.04; 145.59; 
156.91 
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5.3.2 Synthesis of AB2 hb Polyesters 
5.3.2.1 General Procedure for the Synthesis of the hb OH Functionalized polymer series 
OH (solution polymerization)  
4.3.2.1.1 Preparation of Aliphatic-Aromatic Hyperbranched Polyester (aaHPOH) 
       
O
OH
O H
HO
n.hb
1
9'
7'
8'
6'
2
3
4
5 9
8
76
O
OH
O H
HO
DCC, DPTS, DMF,
Room temperature
 
 
A two-neck round flask containing a magnetic stirrer and fitted with a glass stopper and an 
argon manifold was flushed carefully with argon. The stopper was briefly removed under an 
argon stream and replaced with a powder funnel for the addition of 4,4-bis(4-hydroxyphenyl) 
pentanoic acid (16.8 g, 58.67 mmol) and 4-(dimethylamino)pyridinium p-toluenesulfonate  
(DPTS) (3.36 g, 11.41 mmol). Dry solvent N,N-dimethylformamide (DMF) (75 ml) was 
added via a syringe and the mixture was stirred for 30 min. Further, dicyclohexylcarbodiimide 
(DCC) (15.05g, 75.26 mmol) was added and the stirring at room temperature under argon was 
continued for 24 h. Once the reaction was completed, the urea derivative formed was filtered 
out and carefully washed with DMF. Then the polymer solution was precipitated into water 
and dried at 80° C under vacuum. The dried polymer dissolves again in THF twice and 
precipitates in n-hexane for cleaning product. [123]   
The atomic numbering is in accordance with the scheme above. The abbreviations T, L and D 
denote the terminal, linear and dendritic units. 
1H NMR (DMSO-d6 , δ in ppm) : 1.51 (H5T), 1.56 (H5L), 1.61(H5D), 2.28 H2; 2.34 (H3T),  
2.40 (H3L), 2.46 (H3D), 6.67 H8, , 6.98 H8 H7’; 7.19 H7; 
9.16 (OHT); 9.22 (OHL).  
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13C NMR (DMSO-d6 , δ in ppm) :   27.03 (C5D), 27.22 (C5T), 27.43 (C5L); 30.01 (C2L), 30.09  
(C2T); 35.80 (C2D), 35.95 (C3L), 36.18(C3T); 43.98 (C4T), 
44.46 (C4L), 44.93 (C4D); 114.84 (C8,T), 115.02 (C8,L); 
121.23 (C8L), 121.43 (C8D); 127.90 (C7/7,T,D), 128.01 
(C7/7,L); 138.16 (C6,L 139.19 (C6,T); 145.69 (C6D), 146.73 
(C6L); 148.36 (C9L), 148.56 (C9D); 155.19 (C9,T), 155.41 
(C9,L); 171.72 (C1L-d), 171.84  (C1D-l), 171.87 (C1L-l), 
171.98 (C1D-t), 172.02 (C1L-t). 
DB Frey:     ~ 50 % (measured 1H NMR Spectroscopie) [213] 
IR (ν in cm-1):  3356 (OH); 3060 (CHAromat); 2965 (CHAliph.), 1724 
(C=O); 1509 (C=C); 1205; 1171 (C-O-C); 832 
(CHAromat). 
DSC:      Tg: 110 °C (2 K/min) 
TGA:      Tmax.: 350 °C 
 
5.3.3 General procedure for the melt polycondensation. (aaHPOH) 
The monomer is in a 3-necked flask, equipped with a stirrer (magnetic range depending on the 
viscosity of the melt), gas / vacuum port and one thermometer with about 1 mol % of an 
appropriate catalyst was added under a slight stream of argon, the mixture is heated to the 
respective reaction temperature. The melt viscosity increases during the course of the reaction 
strongly. After adequate time the polymerization under high vacuum (~ 10-2 mbar) continued. 
The reaction is terminated if no bubble formation can be observed or if the vacuum assumes 
constant values. The cooled melt is dissolved in THF and solved in about 10-fold excess to 
clean precipitant. The product was dried in a vacuum drying oven at 45°C. 
The polymerization of aaHBP-P1 has been performed as described in the reference [68, 146].      
4-4’bis(4-hydroxyphenyl) valeric acid (20.0 g, 69.93 mmol) and 5 drops of dibutyltin 
diacetate were placed in a flask equipped with a mechanical stirrer, a gas inlet and an outlet. 
The polycondensation was done in two steps, first in a N2 stream and second applying 
vacuum to drive the reaction to higher conversion and molar mass. The monomer was stirred 
in a nitrogen stream for 70 min at 200 o C, after that, a vacuum was applied at 225ºC for 3 h 
with stirring and then without stirring for 1 h reaching a final vacuum of 0.010 mbar. The 
crude product was dissolved in THF and precipitated into water.  
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O
OH
O H
HO
n.hb
1
9'
7'
8'
6'
2
3
4
5 9
8
76
O
OH
O H
HO
Bu2SnAc2, Vakuum,
T = 210°C
 
Yield:  16 g (80%) 
1H NMR (DMSO-d6 , δ in ppm)  :  11.98 (br, COOH, 0.039 H); 9.25, 9.18 (Ar-OH, 1H); 
7.19, 6.99, 6.68 (Ar-H, 8H); 2.49–2.30 (CH2-CH2, 
4H2,3); 1.59–1.50 (CH3, 3H5). 
13C NMR (DMSO-d6, δ in ppm) :  27.3 (C2), 29,1 (C5), 35.9 (C3), 44.1 (C4), 114.7 (C8’), 
121.1 (C8), 127.7 (C7, C7’), 137.9 (C6’), 139.1 (C6), 148.4 
(C9), 155.0 (C9’), 171.7 (C1), 174.4 (-COOH). 
Mn by 1H and 13C(quantitative) NMR analysis: 3900 g/mol = 14.4 repeating units. 
 
FT-IR (KBr):  3065 m (C-Harom.), 2966 s (C-Haliph.), 1734 s (C=Ophenyl 
ester), 1508 s (C=Carom), 1206, 1170 s (C-O-Cphenyl ester), 
831 cm–1 m (m C-H1,4 disubst. arom. ring). 
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5.3.4    Preparation of aromatic hyperbranched polyester (aHPOH) by solution    
polymerization  
O
OH
O
n, hb
1 2
3
4
5
7
6
O
OH
OH
HO DCC, DPTS, DMF,
Room temperature
 
A two-neck round flask containing a magnetic stirrer and fitted with a glass stopper and an 
argon manifold was flushed carefully with argon. The stopper was briefly removed under an 
argon stream and replaced with a powder funnel for the addition of 3,5-bishydroxybenzoic 
acid (3.36 g, 21.80 mmol) and 4-(dimethylamino) pyridinium p-toluenesulfonate  (DPTS) 
(1.26 g, 4.3 mmol). Dry solvent N,N-dimethylformamide (DMF) (15 ml) was added via a 
syringe and the mixture was stirred for 30 min. Further, dicyclohexylcarbodiimide (DCC) 
(4.5g, 21.80 mmol) was added and the stirring at room temperature under argon was 
continued for 48 h. Once the reaction was completed, the urea derivative formed was filtered 
out and carefully washed with DMF. Then the polymer solution was precipitated into water 
acidified by 1% HCl and dried at 80° C under vacuum. After that, the dried polymer was 
dissolved in THF and precipitated in n-hexane. 
The atomic numbering is in accordance with the scheme above. The abbreviations T, L and D 
denote the terminal, linear and dendritic units. 
 
Yield:       2 g (60%)). 
1H-NMR (DMSO-d6, δ in ppm):   6,53 (m, 1H5,term.); 6,9 - 7,2 (m, 3H3,5,7,lin & term.); 
7,4 -7,6 (m, 2H3,7,lin.); 7,70 - 8,21 (m, 3H3,5,7,dend.); 
9,75 (OHterm.); 10,35 (OHlin.). 
 
13C-NMR (DMSO-d6, δ in ppm):   107,82 -108,11; 113,93 - 114,83; 121,24 - 
122,04; 129,98 - 130,71; 151,26 - 151,76; 158,76; 
162,89 -164,40. 
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DBFrey:      ~ 50 - 60 % (1H NMR Spectroscopie) [73,74,75,76] 
IR (ν in cm-1):  3420 (OH); 3087 (CHAromat); 1743 (CO); 1599 
(C=C); 1448; 1283 (OH); 1132 (COH); 1082, 
997, 857 (CHAromat.). 
 
DSC: Tg:      217 °C (2 K/minl) 
 
TGA:       Tmax. 1 : 314°C,  
Tmax. 2 : 387 °C,  
 
5.3.5 End Group Modification of AB2 hb polyester 
General procedure for the modification of the hb OH functionalized polymer series OH, 
Preparation of aliphatic-aromatic hyperbranched polyester (aaHBP-P1) with (3-
isocyanatopropyl) triethoxysilane, IPTES 
 
H
O
OH
O
HO
OCN Si(OCH2CH3)3
HBP- P1
O
O
O
HO
O NH Si(OCH2CH3)3
O
OH
O H
n.hb
1
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7'
8'
6'
2
3
4
5 9
8
76
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9''
7''
8''
6''
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5' 9'''
8'''
7'''6'''
12
13
14
15 16
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2
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4
5 9
8
76
HBP-P1a-c
 
aaHBP-P1 was subsequently modified with (3-isocyanatopropyl) triethoxysilane to different 
degree of modification.  For that 1 g of the aaHBP-OH (0.86 mmol % of functional group) 
was added to a flask containing 20 mL of dry dimethylformamide (DMF) or THF under Ar 
atmosphere. Then different amounts of (3-isocyanatopropyl) triethoxysilane (Table 3.9) and 
one drop of catalyst dibutyltin dilaurate were added. The mixture was kept under stirring and 
heated at 40oC by means of an oil bath. After 2 h the bath was removed and the reaction was  
continued over night. The reaction mixture was poured into cold n-hexane in order to 
precipitate the polymer, which was then filtered and dried under vacuum. 
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1H NMR (DMSO-d6, δ in ppm) :  9.24-9.17 (ArOH), 7.21 (Ar-H), 6.99 (Ar-H), 6.69-6.68 
(Ar-H), 3.8-3.7 (Si(O*CH2CH3)3), 2.92-2.85 (*CH2-
CH2-CH2-Si), 2.5-2.3 (CH2CH2O), 1.63-1.52 (CH3), 1.4-
1.3 (CH2-*CH2-CH2-Si), 1.16-1.05 [Si-(OCH2*CH3)3], 
0.5-0.42 (CH2-CH2-*CH2-Si).  
Degree of modification was calculated to be of respectively 10%, 25% and 60% (evaluation 
of the 1H NMR signals at 3.8-3.7 due to the methylene groups in the ethoxysilane and 1.63-
1.52 due to the methyl groups in the ethoxysilane). 
It was not possible to determine the molar mass of the obtained polymer because of its high 
reactivity in the GPC column. For a similar reason it was also not possible to determine the 
Tg of this compound from DSC analysis. In fact, the DSC thermogram shows a broad 
exothermal peak around 80oC overlapping all possible Tg transitions and probably 
corresponding to the condensation of the alkoxysilane groups introduced with the 
modification reaction. 
 
5.3.6 End group modification of AB2 hb polyester, Modification of aromatic 
hyperbranched polyester (aHBP-OH) with (3-isocyanatopropyl) triethoxysilane, IPTES 
 
O
O
O
O
NH
Si (OCH2CH3)3
n, hb
1
2
3
4
5
3'
4'
6
7
8
9
10 11
O
OH
O
n, hb
1
2
3
4
5
3'
4'
OCN Si(OCH2CH3)3
 
For that 1 g of the aHBP-OH (7.35 mmol % of functional group) was added to a flask 
containing 20 mL of dry dimethylformamide (DMF) or THF under Ar atmosphere. Then 
different amounts of (3-isocyanatopropyl) triethoxysilane (Table 3.9) and one drop of catalyst 
dibutyltin dilaurate were added. The mixture was kept under stirring and heated at 40oC by 
means of an oil bath. After 2 h the bath was removed and the reaction continued over night. 
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The reaction mixture was poured into cold n-hexane in order to precipitate the polymer, which 
was then filtered and dried under vacuum. 
1H NMR (DMSO-d6, δ in ppm) :  0.5-0.42 (CH2-CH2-*CH2-Si), 1.16-1.05 [Si-
(OCH2*CH3)3], 4-1.3 (CH2-*CH2-CH2-Si) , 2.92-2.85 
(*CH2-CH2-CH2-Si), 3.8-3.7 (Si(O*CH2CH3)3),  6.53 (m, 
1H5,term.); 6.9-7.2 (m, 3H3,5,7,lin & term.); 7.4-7.6 (m, 
2H3,7,lin.); 7.70-8.21 (m, 3H3,5,7,dend.); 9,75 (OHterm.); 10,35 
(OHlin.). 
 
5.3.7 Preparation of Epoxy-Silica Hybrid Coatings  
The ethoxysilyl-modified HBP was added to the epoxy resin at a content of 20 wt%. The 
inorganic precursor, TEOS, was added to the formulation in the range between 15 and 30 
wt%. Triphenylsulfonium hexafluoroantimonate was added to all the formulations at 2 wt% 
with respect to the CE content. 
The formulations were coated on glass slides by means of a wirewound applicator and cured 
with a medium vapour pressure mercury dynamic UV lamp (Fusion, H bulb) with an intensity 
on the surface of the sample of 350 mW/cm2 (measured with EIT instrument) and a belt speed 
of 6 m/min. The UV curing was followed by thermal treatment at 100oC for 4 h in high humid 
atmosphere (95-98% relative humidity controlled by a saturated solution of aqueous 
NH4H2PO4). The UV induced process leads to the formation of the organic polymer network, 
by cationic ring-opening polymerization of epoxy group initiated by a photogenerated 
Brönsted acid. In these acidic conditions, under high humidity, alkoxysilane groups undergo 
hydrolysis and condensation reaction generating siloxane crosslinks (sol-gel process) with the 
formation of strictly interconnected organic-inorganic hybrid material.  
The thickness of the cured films was measured with a Minitest 3000 Instrument 
(Elektrophysik, Germany); the average value was found to be in the range of 100 ± 10 µm for 
all the series of samples. Samples for DMTA analyses were prepared by pouring the liquid 
formulation into a Teflon mould, achieving samples of 0.5 mm thickness and 2 x 1 cm size. 
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5.3.8 Sol-Gel Synthesis of TiO2 Nanoparticles in a Polymeric Solution  
The polymer (0.5g) [both of aHBP-OH, aHBP(OH)Si(OEt)3, aaHBP-OH and 
aaHBP(OH)Si(OEt)3 were used] were dissolved in 10 mL of dry DMAc under Ar atmosphere. 
A second solution, made up of Ti(iOPr)4 (in the amount of 5, 10, and 20 wt.-% with respect to 
the polymer) and 2,5 mL of DMAc, was added very slowly for 1 h, drop by drop and under 
vigorous stirring at room temperature. In the end, a mixture of water [in equimolar amount 
respect to the Ti(iOPr)4] and DMAc was added dropwise for over 1 h in the reaction solution. 
As result, a perfectly clear yellow solution was obtained. 
 
5.3.9  Preparation of Coatings 
5 mL of solution containing the polymer and the TiO2 precursor was, under stirring, 
supplemented with 1,6-diisocyanatohexane (in equimolar amount with respect to the OH 
functionalities of the polymer), as a curing agent, and one drop of dibutyltin dilaurate, as a 
catalyst. The resulting mixture was then poured into a mold and cured under vacuum at 70oC 
for 2d. The coating, which looked perfectly transparent, could be peeled off from the substrate 
for subsequent analysis. 
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aHBP(OH)  aromatic hyperbranched polyester 
aaHBP(OH)  aliphatic-aromatic hyperbranched polyester 
aHBP(OH)-Si(OEt)3  modified aromatic hyperbranched polyester 
aaHBP(OH)-Si(OEt)3 modified aliphatic-aromatic hyperbranched polyester 
AFM   Atomic force microscopy 
CP    Cationic polymerization 
CROP    Cationic ring opening polymerization 
DLS    Dynamic light scattering 
DMF    Dimethylformamid 
DMSO   Dimethylsulfoxid 
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